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stem involved in  14 cases w ith  secondary les ions  
in  the b ra in  stem.
R ela tionsh ip  between primary fo ca l les ion s  in  the 
b ra in -s te rn  and p ressure  n e c ro s is  in  th e  para­
hippocampal gyrus in  25 cases w ith  d if fu s e  axonal 
in ju ry .
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5.1 Case 16. S evere ly  d is a b le d , s u r v iv a l  54 days.
B ila te ra l extensive temporal contusions. On l e f t
side these invo lve  deep w h ite  m atte r (depth grade 
4) and la te ra l and in fe r io r  surfaces o f the lobe 
(exten t grade 3), hence contusion index o f 12 fo r  
th is  lo ca to r. B i la te ra l temporal haematomas were 
e va cu a te d  n e u r o s u r g ic a l ly .  S m a ll ab scess  
(a rrow ed) is  seen beside  l e f t  tem p o ra l horn.
There is  re s id u a l m ild  v e n t r ic u la r  d i la t a t io n  
a f te r  trea tm ent o f o b s tru c tive  hydrocephalus.
5 .2  Case 19. S evere ly  d is a b le d , s u r v iv a l  59 days.
Residual l e f t  temporal haematoma a f te r  evacuation 
o f  b u r s t  l e f t  te m p o ra l lo b e . There  i s  a 
p e rs is te n t  s u p ra c a llo s a l h e rn ia  on l e f t  s ide .
Moderate asym m etrical hydrocephalus also present.
5.3 Venn diagram showing in te r - re la t io n s h ip s  between 
cerebra l contusions, in t ra c ra n ia l haematomas (any 
typ e ) and f r a c tu re s  o f th e  s k u l l  in  43 cases.
Median t o t a l  co n tu s io n  in d ic e s  w i t h in  each 
compartment are given in  parentheses. 34
6.1 Case 20. Vegetative, s u rv iv a l 59 days. D iffuse
axonal in ju ry :  re tra c tio n  b a lls  (arrow) in  basis
p o n tis . Coarse v a c u o la tio n  o f  n e u ro p il is  a 
c h a ra c te r is t ic  fea tu re . Palmgren, x 250.
6 .2  Same case as F ig . 6.1. L o n g - tra c t degene ra tion  
in d ic a te d  by presence o f lip id - la d e n  phagocytes 
(a rro w ) in  descending t r a c ts  o f  b a s is  p o n tis . 
Haematoxylin and eosin, x 250.
6.3 Case 34. S evere ly  d is a b le d , s u r v iv a l 157 days.
D iffu se  axonal in ju ry : W a lle rian  degeneration o f
m ye lin  (s ta in e d  b la c k ). There is  a sym m etrica l 
in vo lve m e n t o f long  t r a c t s  in  the  pons (a ), and 
the medulla (b). Marchi.
6.4 Case 44. V e g e ta t iv e ,  s u r v iv a l  s ix  y e a rs .
D i f f u s e  a x o n a l i n j u r y :  demy e l i n a t i o n
demonstrated by p a llo r  o f s ta in in g , predominantly 
p a ra sa g itta l. C e llo id in  section, Woelcke.
v i i i
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6.5 Same case as F ig . 6.4. D if fu s e  axona l in ju r y :  
dem yelination apparent to  naked eye as shrunken 
g re y is h  t is s u e  a t  d o rs a l param edian re g io n s  o f 
c e r e b r a l  h e m is p h e re s . S u lc a l in f a r c t s  are  
present (arrows). Cerebral atrophy is  ind ica ted  
by widening o f s u lc i and moderately severe hydro­
cephalus.
6.6 Case 27. Vegetative, su rv iva l 86 days. D iffu se
axonal in ju ry :  pigmented c y s tic  fo c a l le s io n  in
corpus callosum. S im ila r ly  pigmented streaks in  
dorsal paramedian areas o f c e re b ra l hem ispheres 
are g lid in g  contusions.
6 .7  Case 9. V e g e ta tiv e , s u r v iv a l 38 days. D if fu s e  
axona l in ju r y :  fo c a l haem orrhag ic le s io n  in
superio r ce re b e lla r peduncle (arrow).
6.8 Case 46. Vegetative, s u rv iv a l 8 years 6 months.
D if fu s e  axona l in ju r y :  c y s t ic  fo c a l le s io n  in
superio r ce re b e lla r peduncle seen m acroscopically 
(a ), and m ic ro -s c o p ic a lly  (b). (b) Phospho-
tu n g s tic  acid  haematoxylin, x 25.
6.9 Case 29. Vegetative, s u rv iv a l 95 days. D iffuse
axonal in ju ry :  m ic ro g lia l c lu s te r. 20p p a ra ff in
section , c resy l v io le t ,  x 400.
6.10 Case 13. Vegetative, su rv iva l 43 days. D iffu se
axonal in ju r y :  numerous m ic r o g l ia l  c lu s te rs
(a rrow s ) in  w h ite  m a tte r o f o c c ip i t a l  lobe  (a) 
and cerebellum (b). C e llo id in  section, N iss l
x 40.
6.11 Case 3. V e g e ta tiv e , s u rv iv a l 30 days. D if fu s e
axonal in ju ry /d if fu s e  vascu lar in ju ry . Pigmented 
c y s t ic  in f a r c t  on l e f t  s ide  in v o lv in g  head o f 
caudate nucleus and in te rn a l capsule. There is  a 
m inu te  haematoma in  the  r ig h t  pes h ippocam pi. 
(See a ls o  F ig . 6.15).
6.12 Case 13. Vegetative, su rv iva l 43 days. D iffuse
axonal in ju r y / d i f f u s e  v a s c u la r  in ju r y .  Focal 
le s io n  in  corpus ca llosum  extended ove r whole 
le n g th  o f  corpus ca llosum . V a scu la r le s io n s  
in c lu d e  s u lc a l in f a r c t  and a d ja ce n t g l id in g  
co n tu s io n  (a rro w ) (a ) and s c a t te r e d  m in u te  
le s io n s  (arrow heads) in  corpus s tr ia tu m  and 
tha lam us (a and b). S m a ll haematoma in  head o f 
l e f t  caudate nuc leus may be re la te d  to  in t r a -  
v e n tr ic u la r  cannu la tion .
ix
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6.13 Case 13. Vegetative, s u rv iv a l 43 days. D iffuse
a x o n a l i n j u r y :  s u lc a l  i n f a r c t .  C e l lo id in
s e c t io n , N is s l,  x 40.
6.14 Case 13. Vegetative, s u rv iv a l 43 days. D iffu se
axona l in ju r y :  g l id in g  co n tu s io n  in  s u p e r io r
f r o n t a l  gyrus re p resen te d  by l in e a r  zone o f 
haem osiderin-laden macrophages. There is  in tense 
g lio s is  in  the surrounding parenchyma. C e llo id in  
s e c tio n , N is s l,  x 40.
6.15 Case 3. V e g e ta tiv e , s u rv iv a l 30 days. D if fu s e
v a s c u la r  in ju r y :  m u lt ip le  v a s c u la r le s io n s  in
w h ite  m a tte r  o f tem pora l lobe  as revea led  by 
pe rivascu la r deposits o f haemosiderin. C e llo id in  
s e c tio n , P e r is , x 40.
7.1 Case 18. Vegetative, su rv iva l 57 days. Previous
t e n t o r ia l  h e rn ia t io n  marked by l in e a r  zone o f 
pressure necrosis (arrows). Secondary in fa rc t io n  
in  b ra in  stem a ls o  seen (shown b e t te r  in  F ig . 
7 .3 ) .
7 .2  (Same case as Fig. 7.1). In fa rc t io n  secondary to  
ra is e d  in t r a c r a n ia l  p ressure . T h is  in v o lv e s  
g lobus p a l l id u s  and hypothalam us on r ig h t  s ide  
(a), and r ig h t  thalamus, l e f t  sub-thalam ic reg ion 
and t e r r i t o r i e s  o f  b o th  p o s te r io r  c e re b ra l 
a r t e r ie s  (b ). G roove fo rm e d  by t e n t o r i a l  
h e rn ia tio n  is  a lso  shown (arrow).
7.3 (Same case as F ig s .  7.1 and 7 .2 ). C y s t ic  
in fa rc t io n  in  tegmentum o f m id-b ra in , secondary 
to  ra ised  in tra c ra n ia l pressure.
7.4 Case 14. S evere ly  d is a b le d , s u rv iv a l 47 days.
Previous te n to r ia l h e rn ia tio n  ind ica ted  by wedge 
o f  p re s s u re  n e c ro s is  seen h i s t o lo g i c a l l y .  
C e llo id in  section, N iss l.
7.5 Case 6 . P ro lo n g e d  coma, s u r v iv a l  34 days.
Haematoma in  pons secondary to  ra is e d  in t r a ­
c ra n ia l pressure.
7.6 Case 5. P ro lo n g e d  coma, s u r v iv a l  33 days.
In fa r c t io n  in  b ra in  stem secondary to  ra is e d  
in tra c ra n ia l pressure. Lesions seen in  tegmentum 
o f m id -b ra in  and c e re b ra l peduncle. The l a t t e r  
i s  an example o f  th e  Kernohan notch. C e l lo id in  
section , myelin.
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8.1 Case 42. Vegetative, s u rv iv a l 3 years. D iffuse  
hyp ox ic  b ra in  damage. There is  severe hydro ­
cephalus a s s o c ia te d  w ith  marked a tro p hy  o f th e  
cerebra l hemispheres (a) and cerebellum (b).
8 .2  (Same case as F ig . 8 .1 ). D if fu s e  hypox ic  b ra in  
damage. E x te n s ive  neurona l lo s s  o f la m in a r 
d is t r ib u t io n ,  w ith  re a c tive  g lio s is .  20u p a ra ff in  
section , c re sy l v io le t ,  x 40.
8 .3  Case 4. P ro lo n g e d  coma, s u r v iv a l  30 days.
In fa r c t io n  in  boundary zone between c e re b ra l 
a r te r ia l  t e r r i t o r ie s .
8 .4  Case 31. S evere ly  d is a b le d , s u rv iv a l 129 days.
In fa rc t io n  in  te r r i to r y  o f l e f t  m iddle cerebra l 
a r te ry .
8 .5  Case 17. S evere ly  d is a b le d , s u rv iv a l 56 days.
B ila te ra l in fa rc ts  in vo lv in g  in te rn a l capsules.
8 .6  Case 32. S eve re ly  d is a b le d , s u rv iv a l 140 days.
Abscess in  l e f t  f r o n ta l lobe.
9.1 Venn diagram showing in te r - re la t io n s h ip s  between 
p r in c ip a l les ions  in  a l l  48 cases. 68
9 .2  Case 33. Severely d isabled (possib le  " lo cke d -in "
syndrome), su rv iva l 147 days. In fa rc ts  secondary 
to  a h ig h  in t r a c r a n ia l  p re s s u re , in c lu d in g  
b i l a t e r a l  s m a ll le s io n s  (a r ro w s )  in  th e  
s u b s ta n tia  n ig ra  (a) and a la rg e r  le s io n  m a in ly  
in vo lv in g  the l e f t  in te rn a l capsule (b).
9.3 (Same case as F ig . 9.2). There is  b i la t e r a l ,  
s y m m e tr ic a l,  W a l le r ia n  degene ra tion  o f the  
a n te r io r  and la te ra l pyramidal tra c ts . Marchi.
10.1 S c a tte r  d iagram  showing r e la t io n s h ip  between 
v e n t r ic le /b r a in  r a t io  and d u ra t io n  o f s u rv iv a l 
expressed as lo g . s u rv iv a l (days). Cases in  
which d if fu s e  axonal in ju ry  was associated w ith  a 
vegeta tive  s ta te  or prolonged coma are ind ica ted  
separate ly. 86
10.2 Case 43. Severely d isabled, su rv iva l 3 years and 
2 months. M a rc h ia fa v a -B ig n a m i d is e a s e  and 
c e n tra l p o n tin e  m y e lin o ly s is . Central zones o f 
dem yelination are present in  the corpus callosum 
(M a rch ia fa va -B ig n a m i d isease ) (a ), and in  th e  
basis pon tis  (ce n tra l p o in t in  m y e lin o ly s is )  (b).
Luxol fa s t b lu e /c re sy l v io le t.
x i
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10.3 (Same case as F ig . 10.2). M a rch ia fava -B igna m i
d isease . The le s io n  in  the  corpus ca llosum  is  
in f i l t r a t e d  by macrophages and g l ia l  c e lls  (a). 
Axons are present w ith in  the le s io n  (b). 
a: Luxo l f a s t  b lu e /c re s y l v io le t ,  x 250;
b : Palmgren, x 100.
10.4 (Same case as Figs. 10.2 and 3). C entral pontine
m ye lino lys is . The le s io n  in  the basis pon tis  is  
i n f i l t r a t e d  by macrophages and g l i a l  c e l ls  (a). 
N eurons a re  s p a re d  ( a r r o w s ) .  T h e re  i s  
p reserva tion  o f axons (b) w ith in  the le s io n  (the 
pa le r area to  the r ig h t  o f the photograph), 
a: Luxo l fa s t  b lu e /c re s y l v io le t ,  x 250;
b: Palmgren, x 100.
10.5 Case 44. V e g e ta t iv e ,  s u r v iv a l  6 y e a rs . 
P e lla g ra . C e n tra l c h ro m a to ly s is  is  shown by 
b a llo o n in g  o f neurona l p e r ik a ry a , w ith  c e n tra l 
lo ss  o f N iss l substance, a ffe c t in g  Betz c e lls  o f 
th e  m otor c o r te x  (a) and th e  n u c le i o f  th e  b a s is  
p o n t is  (b). a : C e l lo id in  s e c tio n , N is s l,  x 100; 
b : Luxol fa s t  b lu e /c re s y l v io le t ,  x 250.
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SUMMARY OF THESIS
The main purpose o f th is  th e s is  was to  id e n t ify  the pa tho log ica l 
processes u n d e r ly in g  a poor outcome a f te r  n o n -m is s ile  head 
in ju r y .  To ach ieve  t h is ,  com prehensive n e u ro p a th o lo g ic a l 
s tud ies  were undertaken in  a postmortem se ries  o f 48 fa ta l  cases 
o f non-m iss ile  head in ju ry  who had survived more than one month 
and were c la s s i f ie d  as comatose, v e g e ta t iv e  o r se ve re ly  
d is a b le d . There had been a f r a c tu r e  o f th e  s k u l l  in  26 cases 
(54%). C ereb ra l c o n tu s io n s  were p re se n t in  43 cases (90%). 
Contusions were q u a n tif ie d  by the ’’contusion index” method and 
th e ir  anatom ical d is t r ib u t io n  and re la t io n s h ip  to  o ther les ions  
examined. In tra c ra n ia l haematomas had been present in  26 cases 
(54%) and had been evacuated neurosu rg ica lly  in  21 cases (44%). 
D iffu se  axonal in ju ry  was present in  25 cases (52%) and was the 
most common f in d in g  a p a r t from  c e re b ra l co n tu s io n s . Focal 
le s io n s  in  the corpus callosum and ro s tra l b ra in  stem occurring 
in  cases o f d if fu s e  axonal in ju ry  were analysed and formed the 
b a s is  o f  a method f o r  g ra d in g  th e  s e v e r ity  o f  d if fu s e  axonal 
in ju ry . D iffu se  axonal in ju ry  was shown to  be associated w ith  
various les io ns  apparently o f vascular o r ig in , inc lud ing  su lca l 
in fa rc ts , g lid in g  contusions and o ther parenchymal les ions. I t  
is  suggested th a t these fea tu res are m an ifes ta tions o f "d iffu s e  
v a s c u la r  in ju r y " .  There was evidence o f a p re v io u s ly  h igh  
in tra c ra n ia l pressure, in  the form o f pressure necrosis in  one 
o r both parahippocampal g y r i,  in  28 cases (58%). Lesions in  the 
b ra in  stem due to  a high in tra c ra n ia l pressure were considered
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to  be present in  14 cases (29%). In  8 o f these the les ion s  were 
la rg e  and took  th e  form  o f a haematoma o r in fa r c ts .  In  the  
o th e r  6 cases, however, the  secondary le s io n s  cou ld  o n ly  be 
detected m ic roscop ica lly  and comprised m inute in fa rc ts  o r fo c i 
o f  g l io s is .  B ra in  damage o f  hypox ic  o r  ischae m ic  o r ig in  was 
p re se n t in  27 cases (56%). T h is  was d if fu s e  in  2 cases, o f 
boundary-zone d is t r ib u t io n  in  5 cases, and occurred w ith in  main 
a r t e r ia l  t e r r i t o r i e s  o r in  th e  re g io n  o f th e  basa l g a n g lia  in  
the rem aining 20 cases.
D iffu se  axonal in ju ry ,  cerebra l contusions, hypoxic/ 
ischaemic b ra in  damage and secondary les ion s  in  the b ra in  stem 
were thus  id e n t i f ie d  as th e  p r in c ip a l  typ e s  o f s t r u c tu r a l  
damage. There was c o n s id e ra b le  o v e rla p  s in ce  th e re  was more 
than one type  o f le s io n  in  40 cases. One type  o f le s io n  o n ly  
was found in  8 cases, b u t in  no case was a secondary le s io n  in  
th e  b ra in  stem th e  o n ly  type  o f le s io n  p resen t. Four main 
ca tegories o f s tru c tu ra l damage were id e n t if ie d  as c o n tr ib u tin g  
most to  th e  c l in i c a l  outcome. These were: d i f fu s e  axonal
in ju ry  in  25 cases (52%); hypoxic/ ischaemic b ra in  damage 
in  11 cases (23%); a co m b in a tio n  o f a m acroscop ic secondary 
le s io n  in  the b ra in  stem and hypoxic/ ischaemic b ra in  damage 
in  8 cases (17%); and, c e re b ra l co n tu s io n s  in  4 cases (8%). 
There was a r e la t io n s h ip  between the  grade o f d if fu s e  axonal 
in ju ry  and the c l in ic a l  outcome. D iffuse  axonal in ju ry  was the 
most fre q u e n t cause o f  a v e g e ta tiv e  s ta te  ( 68% o f cases). A 
m acroscop ic secondary le s io n  in  th e  b ra in  stem to g e th e r w ith  
hypoxic/ischaem ic b ra in  damage was the most common f in d in g  in
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cases of prolonged coma (50% of cases), and hypoxic/ischaemic 
brain damage was the most common cause of severe disability (44% 
o f  cases). D if fu s e  axona l in ju r y  was th e  nex t most fre q u e n t 
cause o f  b o th  p ro lo n g e d  coma ( 33% o f  ca se s ) and se ve re  
d is a b i l i t y  (38% o f cases). D iffu se  axonal in ju ry  was thus found 
to  be the most common cause o f  a poor outcome a f te r  non-m iss ile  
head in ju ry .
V e n tr ic u la r enlargement was q u a n tif ie d  by a po in t-coun ting  
method. Hydrocephalus was deemed to  be present in  65% o f cases 
assessed. In  general there  was a re la t io n s h ip  between the size  
o f  th e  v e n t r ic le s  and d u ra t io n  o f  s u r v iv a l.  A p a rt from  one 
p a t ie n t  o f  long  s u r v iv a l who d ied  as a r e s u lt  o f  a c e re b e lla r  
haematoma, a d e f in i t e  cause o f  o b s tru c t iv e  hydrocephalus o r 
evidence o f  a te r m in a l ly  h ig h  in t r a c r a n ia l  p ressu re  was no t 
found in  any case a lth o u g h  one p a t ie n t  had been tre a te d  
c l i n i c a l l y  fo r  o b s tru c t iv e  hydrocephalus. C ereb ra l a trop hy  
appeared to  be the most im portan t fa c to r  lead ing to  v e n tr ic u la r  
d ila ta t io n .
Some c o m p lic a tio n s  o f  la te  onset were id e n t i f ie d .  These 
comprised cerebrovascular disease, c e n tra l pontine m ye lin o lys is  
associated w ith  Marchiafava-Bignami disease, and p e llag ra .
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CHAPTER 1.
INTRODUCTION
Many p a t ie n ts  who s u rv iv e  a severe head in ju r y  f a i l  to  make a 
good recovery even i f  they regain  consciousness. In  the United 
Kingdom, "major p e rs is t in g  handicap" due to  head in ju ry  is  said 
to  have a prevalence o f 150 cases per 100,000 o f the population 
(Lance t, 1983), w h ile  th e  in c id e n ce  o f "perm anent d i s a b i l i t y "  
has been e s tim a te d  as 1,500 new cases per annum (Lew in , 1970) 
in c lu d in g  some 400 p a tie n ts  who remain "unconscious" fo r  a month 
or longer (Lewin, 1968). The main purpose o f th is  th e s is  is  to  
id e n t i f y  th e  p a th o lo g ic a l p rocesses underly ing  a poor outcome 
a f te r  non -m iss ile  head in ju ry .
Clinical aspects
Before tu rn in g  to  the pa tho log ica l l i te ra tu re ,  i t  may be usefu l 
to  co n s id e r some c l i n i c a l  aspects  o f p o s t- t ra u m a t ic  b ra in  
damage.
The Glasgow Outcome Scale was dev ised  by J e n n e tt and Bond 
(1975) to  meet the  need f o r  a more o b je c t iv e  assessment o f 
recovery  a f t e r  head in ju r y .  A p a rt from  death, th e  Scale 
c o m p r is e s  fo u r  c a te g o r ie s :  v e g e ta t iv e  s ta te ;  s e ve re
d is a b i l i t y ;  m oderate d is a b i l i t y ;  and, good re co ve ry . The 
w o rs t outcome is  th e  v e g e ta tiv e  s ta te ,  cons ide red  to  be worse 
even than death fo r  both p a tie n ts  and th e ir  re la t iv e s  (Jennett, 
1976). The term vegeta tive  s ta te  has tended to  replace the o lder 
expression p e rs is te n t vegeta tive  s ta te  which was introduced by
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Jennett and Plum (1972) to  describe p a tie n ts  who "recover" from 
coma y e t rem ain  p ro fo u n d ly  un respons ive  and o n ly  capable o f 
p r im i t iv e  p o s tu ra l and r e f le x  movements. R e s p ira tio n  is  
spontaneous, so these  p a t ie n ts  a re  n o t "b ra in -d e a d " (M ed ica l 
Royal Colleges, 1976). Sleep-waking cycles are maintained, and 
when awake, p a tien ts  may appear to  look a t, and even fo llo w  w ith  
th e ir  eyes, v isu a l or aud ito ry  s t im u li.  This apparent a le rtness  
is  be lied  by the complete absence o f a vo lun ta ry  response to  any 
s tim u lus.
The te rm s v e g e ta t iv e  s ta te  o r p e rs is te n t  v e g e ta tiv e  s ta te  
r e c a l l  th e  e a r l ie r  v ie  v e e d ta tiv e  (Arnaud e t  a l . ,  1963) and 
v e g e ta t iv e  s u rv iv a l (V a p a la h ti and Troupp, 1971), b u t th e  
l i t e r a tu r e  abounds w ith  o ther names, fo r  id e n tic a l or s im ila r  
c o n d it io n s , w hich have been c r i t i c i s e d  by J e n n e tt and Plum 
(1972) e ith e r  because they presume an anatom ical le v e l fo r  the 
u n d e r ly in g  le s io n ,  e.g. a p a l l ic  syndrome (K re tschm er, 1940; 
D a lle  Ore e t a l . ,  1977), c h ro n ic  b ra in s te m  syndrome (quoted by 
J e n n e tt and Plum, 1972), o r because they a re  ambiguous o r 
im precise w ith  regard to  the neuro log ica l s ta te , e.g. prolonged 
unconsciousness (French, 1952), coma p ro lonee  (Le Beau e t a l . ,  
1958), coma v ig i l e  (A la jo u a n in e , 1957), and severe p o s t-  
traum atic  dementia (S tr ich , 1956). Terms which incorporate  the 
idea o f  "coma" seem to  be p a r t ic u la r ly  in a p p ro p r ia te  s in ce  a 
d is t in c t io n  can be made between the vegeta tive  s ta te  and coma, 
the la t t e r  being a s le e p - lik e  con d ition  which can be defined as 
"not opening eyes, not obeying commands and not u tte r in g  words" 
(Teasdale and J e n n e tt, 1976; J e n n e tt and Teasdale, 1977).
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U nlike the vege ta tive  s ta te , i t  is  unusual fo r  coma to  p e rs is t 
fo r  more than a few weeks.
Severe d is a b i l i t y  on the Glasgow Outcome Scale ind ica te s  a 
p a tie n t who is  conscious but dependent on another in d iv id u a l fo r  
d a i ly  l i v in g .  M oderate d is a b i l i t y  denotes a p a t ie n t  who is  
d is a b le d  b u t independent in  d a i ly  l i f e  and a b le  to  work. Good 
recovery is  considered to  have occurred when normal occupational 
and so c ia l a c t iv i t ie s  have been resumed.
Use o f  th e  G lasgow  Outcome S ca le  has made a m a jo r  
c o n tr ib u tio n  to  understanding the nature o f d is a b i l i t y  and the 
process o f recovery a f te r  head in ju ry . Ana lysis o f a se ries  o f 
593 p a tie n ts  w ith  severe head in ju ry  ( i.e . in  coma fo r  a t  le a s t 
s ix  hours) showed th a t the outcome a t s ix  months was as fo llo w s  
(J e n n e tt e t  a l . , 1977a):
Death m
Vegetative S tate 2%
Severe D is a b il i ty 10$
Moderate D is a b il i ty 18$
Good Recovery 23$
In  p a tien ts  b e tte r than vege ta tive , mental abnorm ality tends 
to  co n tr ib u te  more than physica l d is a b i l i t y  to  o v e ra ll handicap 
(Jennett e t a l. ,  1981). Recovery is  a dynamic process, but most 
improvement takes place in  the f i r s t  th ree  to  s ix  months a f te r  
in ju ry . Those s t i l l  vegeta tive  a t  th ree months w i l l  not achieve 
in d e p e n d e n ce , w h i le  as many as 50 p e r c e n t o f  p a t ie n t s  
vege ta tive  one month a f te r  in ju ry  w i l l  d ie  w ith in  the fo llo w in g  
yea r (Braakman, 1984). On th e  o th e r hand, some v e g e ta t iv e
p a tie n ts  w i l l  remain a liv e  fo r  many years w ith o u t any change in  
th e ir  neuro log ica l s ta te  (Bethlem, 1968).
Review of pathological literature
Some p a t ie n ts  may th e re fo re  s u rv iv e  th e  acu te  ep isode o n ly  to  
become v e g e ta t iv e  o r s e v e re ly  d is a b le d , perhaps w ith o u t any 
fu r th e r  recovery before death supervenes. What is  the cause o f 
such profound neuro log ica l d isturbance? These pa tie n ts , as the 
above fig u re s  suggest, are not common. In  many cases the length  
o f s u rv iv a l ensures th a t death occurs in  in s t i tu t io n s  fo r  long 
te rm  care  where th e re  is  l i t t l e  in te r e s t  in  o b ta in in g  p o s t­
mortem examinations. Although the f i r s t  re p o rt o f the fin d in g s  
in  a (p rob a b le ) v e g e ta t iv e  p a t ie n t  was th a t  o f R osenblath 
(1899), i t  was not u n t i l  the Second V/orld V/ar th a t improvements 
in  in te n s iv e  care  enabled s e ve re ly  b ra in  damaged p a t ie n ts  to  
l i v e  lo n g  enough in  s u f f i c ie n t  numbers to  a llo w  a g re a te r  
apprec ia tion  o f the fa c to rs  underly ing  the neuro log ica l outcome. 
Nevertheless, c lin ic o -p a th o lo g ic a l s tud ies are few and tend to  
be c o n f in e d  to  s m a ll s e r ie s  o r  in d iv id u a l  cases. More 
im p o rta n tly , there  are fundamental disagreements, not only as to  
the  type  o f the  b a s ic  le s io n ,  b u t a ls o  about w he ther the  b ra in  
damage is  "prim ary" (i.e . occurring  a t the moment o f impact) or 
"secondary" ( i.e . developing as a la te r  com plica tion).
Thus, some consider d if fu s e  damage to  w h ite  m atter to  be the 
most im p o rta n t le s io n . T h is  was f i r s t  observed by Rosenblath 
(1899) in  th e  b ra in  o f a t ig h t - r o p e  w a lk e r who had rem ained 
"unconsc ious" f o r  e ig h t  months a f t e r  f a l l i n g  from  a tra peze .
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R o s e n b la th  a t t r i b u t e d  im m ense lo s s  o f  nerve f ib r e s  and 
w idespread dege n e ra tio n  o f  w h ite  m a tte r  to  th e  e f fe c ts  o f 
concuss ion  a t  th e  t im e  o f th e  in ju r y .  S ix ty - s ix  yea rs  la t e r ,  
S tr ic h  (1956) described a se ries  o f f iv e  p a tien ts  (s u rv iv a l 142 
to  456 days) w ith  w hat she c a lle d  "seve re  p o s t- tra u m a t ic  
dem entia ". Using the  M arch i te ch n iq u e , S t r ic h  was a b le  to  
demonstrate extensive W a lle rian  degeneration in  the w h ite  m atter 
o f the ce rebra l hemispheres, cerebellum, b ra in  stem and sp ina l 
cord, and adduced evidence th a t th is  was the re s u lt  o f physical 
damage to  nerve f ib r e s  a t  th e  t im e  o f in ju r y .  Dechaume e t a l.  
( 1962) showed th a t extensive dem yelination was the most constant 
and s t r i k i n g  fe a tu r e  in  th e  b r a in s  o f  f i v e  p a t ie n t s  in  
"prolonged coma" (s u rv iv a l 65 -  158 days). S im ila r  observations 
were made in  in d iv id u a l cases by Osetowska (1964) (s u rv iv a l 2.5 
yea rs ) and Bethlem  (1968) ( s u rv iv a l 10 ye a rs ). Osetowska 
con s ide red  th a t  the  d e m y e lin a tio n , w h ich  she c a lle d  " le u c o - 
e n c^p h a lo p a th ie  oedemateuse p o s t- t r a u ma t iq u e " , was a to x ic  
e ffe c t o f pos t-tra um a tic  cerebra l oedema.
O ther a u th o rs , however, have championed th e  ro le  o f  fo c a l 
le s io n s  in  the  b ra in  stem as the  cause o f  p o s t- t ra u m a t ic  
n e u ro lo g ic a l d is tu rb a n c e . Thus, French (1952) id e n t i f ie d  
i n f a r c t s  in  th e  b r a in  stem  as th e  cause o f  "p ro lo n g e d  
unconsciousness" in  a s e r ie s  w hich  in c lu d e d  tw o cases o f head 
in ju r y  ( s u r v iv a l  7 and 9 m onths). J e l l in g e r  and S e ite lb e rg e r  
have c o n s is te n t ly  emphasised bo th  th e  frequency and c l in i c a l  
importance o f fo c a l le s io n s  in  the b ra in  stem o f p a tien ts  w ith  
"p ro tra c te d  p o s t- t ra u m a t ic  encepha lopathy". T h e ir  expanding
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se ries  most recen tly  comprised as many as 100 cases (su rv iva l 21 
-  900 days) v a r io u s ly  d e s c r ib e d  in  s u c c e s s iv e  p a pe rs  as 
"c o m a to s e " , " p o s t-c o m a to s e " ,  " a p a l l i c "  and " v e g e ta t iv e "  
( J e l l in g e r ,  1965; J e l l in g e r  and S e ite lb e rg e r ,  1969, 1970; 
S e ite lb e rg e r  and J e l l in g e r ,  1971; J e l l in g e r ,  1977, 1983). 
These a u th o rs  have d e m o n s tra te d  th e  c o m p le x ity  o f  th e  
p a th o lo g ic a l processes in v o lv e d  and drawn a t te n t io n  to  th e  
frequency o f bo th  fo c a l and d if fu s e  le s io n s  in  the  c e re b ra l 
hem ispheres and b ra in  stem. T h e ir  main conclusions, although 
re ite ra te d  in  subsequent a r t ic le s ,  were most c le a r ly  sta ted by 
J e ll in g e r  and S e ite lbe rge r (1970) as fo llo w s : brain-stern les ions  
a re  more fre q u e n t than any o th e r  typ e  o f damage; in  none o f 
t h e i r  cases cou ld  "coma v ig i l e "  be a t t r ib u te d  to  d if fu s e  
degeneration o f w h ite  m a tte r alone, w h ile  a l l  were associated 
w ith  damage to  the diencephalon and b ra in  stem; the presence or 
absence o f le s io n s  in  the b ra in  stem and th e ir  s p e c if ic  pa tte rn  
o f d is t r ib u t io n  p re fe re n t ia l ly  account fo r  the prognosis o f head 
in ju r ie s .  The m a jo r ity  o f these brain-stern les ions  were sta ted 
to  be secondary to  ra ised in tra c ra n ia l pressure (J e llin g e r  and 
S e ite lb e rg e r ,  1970; J e l l in g e r ,  1977, 1983). P e te rs  and
Rothemund ( 1977) a r r iv e d  a t  th e  same c o n c lu s io n  re g a rd in g  th e  
s ig n ifica n ce  o f secondary brain-stern les ions  in  th e ir  study o f 
20 " a p a l l ic "  p a t ie n ts  ( s u rv iv a l 3 weeks -  7 yea rs ). Crompton, 
Teare and Bowen (1966) a ls o , w h ile  conceding th a t  d i f fu s e  
d ege n e ra tio n  o f  w h ite  m a tte r  is  th e  b a s is  o f  "p o s t- t ra u m a tic  
dementia" and a lso  a common f in d in g  in  "prolonged coma", never­
the less id e n t if ie d  fo ca l les ions , inc lud ing  regions o f ischaemic
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n e c ro s is  between th e  su b th a la m ic  re g io n  and th e  pons as the  
cause o f ’’p ro longed coma” in  t h e i r  s e r ie s  o f  n ine  p a t ie n ts  
(s u rv iv a l 2 weeks -  14 months).
Z o lt& n  (1966) c a r r ie d  o u t a study to  in v e s t ig a te  w he ther 
le s io n s  o f the  b ra in  stem a lone  were re s p o n s ib le  f o r  ’’v i g i l  
coma” in  a se rie s  o f e ig h t p a tie n ts  (su rv iva l 24- 420 days). In  
seven cases th e re  were m ic ro s c o p ic  fo c i  o f s o fte n in g  in  the  
b ra in  stem, w h ile  in  th e  e ig h th  case th e re  was a trophy  o f  the  
pons a s s o c ia te d  w ith  W a lle r ia n  degene ra tio n . In  a l l  cases, 
however, th e re  was a ls o  c o r t ic a l  damage co m p ris in g  bo th  
c o n tu s io n a l and h y p o x ic  damage. Z o lt& n  c o n c lu d e d  t h a t  
unconsciousness in  these p a tie n ts  was due to  the combination o f 
d i f fu s e  c o r t ic a l  damage o f m ixed a e t io lo g y  w ith  a b ra in -s te rn  
le s io n , ra th e r than a le s io n  in  the b ra in  stem alone.
The vege ta tive  s ta te  is  not confined to  su rv ivo rs  a f te r  head 
in ju ry  but has o ther causes (Jennett and Plum, 1972; H igashi e t 
a l . ,  1977), n o ta b ly  d if fu s e  hypox ic  b ra in  damage o f the  type 
found, f o r  example, a f te r  c a rd ia c  a r r e s t  (B r ie r le y  e t  a l . ,  
1971). Ischaemic b ra in  damage is  common in  fa ta l  head in ju r ie s  
g e n e ra lly .  Graham e t a l.  (1978) found ischae m ic  damage ( a l l  
types) in  91 per cent o f a se ries  o f 151 cases. This was graded 
as "seve re " in  19 per cen t in c lu d in g  8 cases (53 per ce n t) w ith  
d if fu s e  hypox ic  damage. In  v iew  o f t h is ,  h y p o x ic /is c h a e m ic  
b ra in  damage m ight be expected to  be an im portan t cause o f not 
only the vege ta tive  s ta te , but a lso  lesse r degrees o f d is a b i l i t y  
a f te r  head in ju ry . There is ,  however, a dearth o f in fo rm a tion  
on t h i s  p o in t .  D enst e t  a l .  (1958) d e s c r ib e d  d i f f u s e
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d e ge n e ra tio n  o f  th e  c e re b ra l grey m a tte r  in  a p a t ie n t  who 
s u rv iv e d  " a k in e t ic  and m ute" f o r  10 months, a lthough  they 
a t t r ib u te d  t h is  le s io n  to  traum a ra th e r  than  hypox ia . Z o lta n  
(1965), quoted above, may have been a llu d in g  to  d if fu s e  hypoxic 
damage in  h is  cases. J e ll in g e r  ( 1977), however, found d if fu s e  
hyp ox ic  b ra in  damage in  o n ly  7 cases (8.8 per ce n t) o u t o f  a 
se ries  o f 80 "a p a llic "  pa tien ts .
From the foregoing review , th ree  les io n s  would appear to  be 
o f importance in  determ in ing the outcome o f p a tien ts  who surv ive  
more than  a few weeks a f t e r  in ju r y ,  nam ely, d i f fu s e  damage to  
w h i te  m a t te r ,  fo c a l  le s io n s  in  th e  b r a in  stem  and 
h y p o x ic /is c h a e m ic  b ra in  damage. In  v iew  o f th e  la c k  o f  
u n a n im ity  over the  p a th o lo g ic a l b a s is  o f severe n e u ro lo g ic a l 
d is tu rb a n c e , and th e  p r o b a b i l i t y  th a t  le s io n s  w i l l  va ry  from  
case to  case and w i l l  a ls o  occur in  d i f f e r e n t  co m b in a tio ns , 
published data on the frequency o f d if fe re n t  le s io n s  may be o f 
l im i t e d  va lu e . S t r ic h  (1956) suggested th a t  d i f fu s e  w h ite  
m a tte r  damage was p re se n t in  about o n e - th ird  o f  a group o f 
p a t ie n ts  s u rv iv in g  more than 6 weeks a f t e r  in ju r y .  J e l l in g e r  
(1977) found brain-stern les ions  in  86.3 per cent, d if fu s e  damage 
to  w h ite  m a tte r  in  62.5 per cen t and d i f fu s e  hypox ic  b ra in  
damage in  8.8 per cen t. These f in d in g s  c o n tra s t w ith  those o f 
Adams e t a l.  ( 1980a) who, in  a co n secu tive  s e r ie s  o f  151 f a t a l  
head in ju r ie s  ( s u rv iv a l 6 hours to  21 m onths), found d if fu s e  
axonal in ju ry  in  12.6 per cent and d if fu s e  hypoxic damage in  5.3 
per cent. Although secondary brain-stern les ions  were said to  be 
" fre q u e n t” , these  a u th o rs  s ta te d  th a t  no p a t ie n t  w ith  a
secondary le s io n  in  the b ra in  stem liv e d  longer than fou r weeks.
The aim o f t h is  th e s is ,  th e re fo re , is  to  re s o lv e  these 
v a r io u s  d is c re p a n c ie s  in  our un de rs ta n d in g  o f  th e  s t r u c tu r a l  
b a s is  o f severe n e u ro lo g ic a l d is tu rb a n c e  in  p a t ie n t s  o f  
p ro longed  s u rv iv a l a f t e r  head in ju r y .  A com prehensive neuro - 
p a th o lo g ic a l a n a ly s is , w ith  p a r t ic u la r  re fe re n c e  to  d if fu s e  
axonal in ju ry , secondary les io n s  in  the b ra in  stem and hypoxic 
b ra in  damage, was c a r r ie d  o u t in  a re t ro s p e c t iv e  s e r ie s  o f 
p a t ie n ts  w ith  a poor n e u ro lo g ic a l outcome and who su rv ive d  a t  
le a s t fo u r weeks a f te r  a non-m iss ile  head in ju ry .
; i v  I ’ -  *  r  t  i v v - v  O l "  Nc
v h : r  i . :: y
W ; - . '  r-:, ^  r - r i  .
O i K S ' !  0 ; ... - ' t P P l P P
9
CHAPTER 2
MATERIALS AND METHODS 
Objectives of research
The main o b je c tive s  o f th is  study were as fo l lo w s :-
1. To make a com prehensive survey o f le s io n s  p re se n t in  the  
b ra ins  o f p a tie n ts  who achieved a poor outcome (as defined 
below) a f te r  non-m iss ile  head in ju ry .
2. In  p a r t ic u la r ,  to  f in d  th e  frequency o f d i f fu s e  damage to  
w h ite  m a tte r  (h e n c e fo rth  c a lle d  d if fu s e  axona l in ju r y ) ,  
hypoxic b ra in  damage and secondary brain-stern les ions .
3. Hence to  id e n t ify  the pa tho log ica l basis fo r ,  or the le s io n  
c o n t r ib u t in g  most to , th e  n e u ro lo g ic a l outcome o f each 
p a tie n t s tu d ied .
4. To id e n t i f y  any c o m p lic a tio n s  o f  la t e  onset w h ich  cou ld  
account fo r  d e te r io ra tio n  in  neuro log ica l s ta te .
Design of study
I t  was decided to  c a rry  o u t a re tro s p e c t iv e  study o f 48 cases 
id e n t i f ie d  from  th e  f i l e s  o f  th e  U n iv e rs ity  Departm ent o f 
N europathology in  th e  I n s t i t u t e  o f  N e u ro lo g ic a l Sciences, 
Glasgow. T h is  Departm ent has a lo n g s ta n d in g  in t e r e s t  in  the  
neuropathology o f non-m iss ile  head in ju ry  and re ta in s  m a te ria l 
from  a t o t a l  o f  998 cases from  1961 to  1984 ( in c lu s iv e ) .  
S e lection  o f cases was p r im a r ily  on c l in ic a l  grounds, the only 
o ther requirement being a f u l l  n e u ro p a th o lo g ic a l exam in a tion . 
The c l i n i c a l  c r i t e r i a  and n e u ro p a th o lo g ic a l techn iq ues  a re
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d e sc rib e d  in  th e  fo l lo w in g  s e c tio n s . A t o t a l  o f 54 cases met 
the  c l in i c a l  c r i t e r ia ,  b u t 6 o f  these  were excluded s in ce  a 
h is t o lo g ic a l  e xa m in a tio n  had n o t been c a r r ie d  o u t. The 
rem aining 48 cases represent 5 per cent o f a l l  fa ta l  head in ju ry  
cases in  the Departmental records.
Clinical criteria for case selection
The c l in ic a l  c r i t e r ia  fo r  se le c tio n  o f cases were as fo llo w s
1. Head in iu rv  o f  "no n -m iss ile ” type
A n o n -m is s ile  head in ju r y  is  e s s e n t ia l ly  a b lu n t  in ju r y ,  
although the term is  intended to  inc lude pene tra ting  wounds 
o th e r  than  those caused by m is s ile s .  Causes o f in ju r y  are  
given in  the chapter on c l in ic a l  data (p.15- 17).
2. S u rv iva l o f 28 davs or more
The study was re s tr ic te d  to  p a tie n ts  a liv e  a t le a s t 28 days 
a f t e r  in ju r y  s ince  t h is  was cons ide red  to  be th e  minimum 
s u rv iv a l a t  w h ich  th e  outcome a cco rd in g  to  th e  Glasgow 
Outcome Scale could be determined w ith  reasonable accuracy 
(Jenne tt and Bond, 1975; Jennett e t a l . ,  1977a).
3. A poor neuro log ica l outcome
The outcome was deemed to  be poor i f  a p a t ie n t  had been 
in ca p a b le  o f independent l i f e  ( i .e .  S evere ly  d is a b le d  or 
worse on th e  Glasgow Outcome S ca le ). For a l l  cases, a 
d e ta ile d  c l in ic a l  summary had been included in  the o r ig in a l 
post-mortem report. The m a jo rity  o f case records, however, 
were s t i l l  ava ilab le . In  a d d itio n , p a tien ts  trea ted  in  the 
Department o f Neurosurgery o f the In s t i tu te  o f Neurological
Sciences, Glasgow, from  1968 onwards had been s u b je c t to  
re g u la r  fo l lo w -u p  as p a r t  o f a c l in i c a l  study o f the  
p rogno s is  in  severe  head in ju r y  (J e n n e tt e t  a l.  1981). The 
data  from  these th re e  sources (post-m ortem  re p o r ts ,  case 
records and c l in ic a l  study) were c o lla te d  and an assessment 
made o f the outcome p r io r  to  death or te rm in a l i lln e s s . Any 
cases o f d i f f i c u l t y  were re fe r re d  f o r  a r b i t r a t io n  to  
P ro fe s s o r G.M. Teasdale, P ro fe sso r o f  N eurosurgery in  the  
U n iv e r s i t y  D e p a rtm e n t o f  N e u ro s u rg e ry , I n s t i t u t e  o f 
N euro log ica l Sciences, Glasgow.
F u lle r  c l in ic a l  d e ta ils  o f the outcomes o f the p a tie n ts  are 
g ive n  in  the  ch a p te r on c l in i c a l  data (p .21-22). I t  should 
be emphasised a t th is  stage, however, th a t p a tien ts  who were 
"b ra in -d e a d "(M e d ic a l Royal C o lle g e s , 1976) were excluded 
from the study.
M. Outcome due to  b ra in  damage w hether p rim a ry  o r secondary 
re la t iv e  to  the moment o f  impact
Cases o f d is a b i l i t y  due to  sp ina l cord in ju ry  were excluded. 
P a tien ts  were a lso excluded i f  th e ir  neuro log ica l s ta te  was 
p r im a r ily  due to  e x tra c ra n ia l com plica tions, e.g. pneumonia 
or septicaemia.
Neuropathological examination
Gross examination
B ra in s  and s p in a l cords were f ix e d  f o r  th re e  weeks in  10 per 
cent fo rm ol sa lin e  p r io r  to  d issec tion  in  a standard manner, as 
fo l lo w s .  A f te r  t ra n s e c t io n  o f  th e  m id b ra in , th e  c e re b ra l
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hemispheres were cut in  s e r ia l coronal sections 1 cm th ic k . The 
ce re be llu m  was d is s e c te d  from  the  b ra in  stem, b is e c te d  in  the  
m id -s a g itta l plane and each hemisphere s e r ia l ly  sectioned in  
1 cm th ic k  s l ic e s  p e rp e n d ic u la r  to  th e  f o l ia .  The b ra in  stem 
was s e r i a l l y  s e c t io n e d  p e r p e n d ic u la r  to  i t s  lo n g  a x is .  
Photographs o f the gross specimens were a va ila b le  in  44 cases.
H is to logy
Large re p re s e n ta t iv e  b lo cks  o f  th e  c e re b ra l and c e re b e lla r  
hem ispheres were embedded in  c e l lo id in  and 30 pm s e c tio n s  
s ta in e d  by N is s l ’ s method w ith  c re s y l v io le t  and W oelcke’ s 
m o d if ic a t io n  o f  H e idenha in ’ s te ch n iq u e  f o r  m ye lin . In  some 
cases, b ra in -s te rn  b lo cks  were a ls o  embedded in  c e l lo id in .  
C e l lo id in  s e c tio n s  were scanned i n i t i a l l y  w ith  a Watson Zoom 
s te re o -m ic ro sco p e  w ith  tra n s m itte d  l ig h t  a t m agn ifica tions  o f 
x10 to  x50.
B locks from  s tandard  s i te s  in  th e  c e re b ra l hem ispheres, 
re p re s e n ta t iv e  o f  th e  main a r t e r ia l  t e r r i t o r i e s ,  a r t e r ia l  
boundary zones and basal ganglia , and a lso  blocks o f b ra in  stem, 
were embedded in  p a ra ff in  wax and sta ined w ith  haematoxylin and 
e os in , a combined lu x o l  fa s t  b lu e /c re s y l v io le t  techn ique  and 
Palmgren’ s method fo r  axons.
Frozen s e c tio n s  o f th e  b ra in  stem and, in  a few cases, th e  
cerebra l hemispheres a lso , were sta ined by the Marchi technique.
Quantitative methods
Q u a n t ita t iv e  methods were used to  assess th e  s e v e r ity  o f
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c o n tu s io n s  and th e  degree o f hydrocephalus. The methods are 
explained in  the appropria te  chapters o f the thes is .
Collection of data
A l l  macroscopic and m icroscopic observations were charted on a 
s e r ie s  o f  l i n e  d ia g ra m s  o f  th e  c e r e b r a l  and c e r e b e l la r  
hem ispheres, basa l g a n g lia  and b ra in  stem. C l in ic a l  and 
p a th o lo g ic a l da ta  were recorded  on a p ro fo rm a. The da ta  were 
stored in  the mainframe computer o f the U n ive rs ity  o f Glasgow.
Statistical analysis
N o n -p a ram e tric  methods were used fo r  s t a t i s t i c a l  a n a ly s is . 
S ign ificance  te s tin g  was by the method, F isher’ s exact te s t 
o r the Mann-Whitney te s t.
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CHAPTER 3
CLINICAL DATA
In  th is  chapter various data re la t in g  to  the 48 pa tien ts , th e ir  
in ju r ie s ,  c l i n i c a l  course and management, and outcome, are  
sunmarised.
The Patients
Age
The median age o f the p a tie n ts  when they were in ju re d  was 39.5 
yea rs  (mean 38.8 yea rs) w ith  a range o f  1-72 years  ( in t e r ­
q u a r t i le  range 24.5-55.5 years).
Sgx
There were 39 males (81$ o f the se rie s ) and 9 females (19$).
The Injury
Cause o f in iu rv
The causes o f in ju ry  are given in  Table 3.1. The m a jo r ity  were 
road t r a f f i c  a c c id e n ts , w h ich  accounted f o r  27 cases (56$ o f 
s e r ie s ) ,  a lm o s t e q u a lly  d iv id e d  between ve h ic le  occupants and 
p e d e s tr ia n s . F a l ls  were the  cause o f in ju r y  in  13 cases (27$) 
and d e ta i ls  o f  these a re  p rov ided  in  Table 3.2. A t o t a l  o f  8 
p a tie n ts  f e l l  ’’from a h e ig h t” ranging from a s ta tio n a ry  lo r r y  to  
se v e ra l hundred fe e t ,  w h ile  5 f e l l  s h o r t d is ta n c e s , o f a d u lt  
h e ig h t o r  le s s , e.g. f a l l s  to  th e  ground w h ile  under the 
in f lu e n c e  o f  a lc o h o l. A s s a u lts  were th e  cause o f in ju r y  in  8 
cases (17$).
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Table 3.1 
Causes o f in ju ry .
n (%)
RTA* Veh ic le  Occupant Car 10
Motor cyc le  2
Pedal cyc le  1
Pedestrian 14
To ta l RTA
F a lls ’* From he igh t 8
Other 5
T o ta l f a l l s
Assaults
To ta l
*RTA = Road t r a f f i c  accident. 
1 See Table 3.2
27 (56%)
13 (27%)
8 (17%)
48 (100%)
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Table 3-2
D e t a i ls  o f  f a l l s .
From he igh t
Other f a l l s
Case No. D escrip tion
8 About 16 f t  from ladder
17 Down s ta ir s
19 From s ta tio n a ry  lo r r y
24 About 50 f t ,  fro n  b u ild in g
26 Several hundred fe e t,  w h ile  c lim bing
27 Down l i f t  sh a ft
35 Down s ta irs
46 In to  sh ip ’ s hold
6 To ground
15 Fainted during in te rv ie w
18 While boarding bus
23 In fa n t -  fra n  high ch a ir
45 To ground
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E x tra c ra n ia l in ju r ie s
E x tra c ra n ia l in ju r ie s  were common in  t h is  s e r ie s . S k e le ta l 
in ju r ie s  were defined as "m ajor” i f  they included fra c tu re  o f a 
long  bone, th e  p e lv is  o r th e  v e r te b ra l column, and "m in o r"  i f  
th e re  was a f r a c tu r e  o f  any o th e r  bone o r d is lo c a t io n  o f a 
jo in t .  S o ft- t is s u e  or v is c e ra l in ju r ie s  were s im ila r ly  graded, 
as "m ajor" i f  associated w ith  haemo- o r pneumo-thorax or haemo- 
peritoneum, and "m inor" i f  these com plica tions were not present.
E x tra c ra n ia l in ju r ie s  were m a jo r in  17 p a t ie n ts  (35% o f 
se ries). These were s ke le ta l only in  11 cases, a combination o f 
s k e le ta l and v is c e ra l  in  5 cases and v is c e ra l  o n ly  in  1 case. 
Major in ju r ie s  were caused by road t r a f f i c  accidents in  14 cases 
and f a l l s  "from  a h e ig h t"  in  3 cases. E x tra c ra n ia l in ju r ie s  
were minor in  23 cases (48%). No e x tra c ra n ia l in ju r ie s  had been 
recorded in  8 cases (17%).
Clinical Course and Management
Lucid in te rv a l
A lu c id  i n t e r v a l  a f t e r  a head i n ju r y  i s  a p e r io d  o f  
consciousness before subsequent lapse in to  coma. R e illy  e t a l. 
(1975) defined a lu c id  in te rv a l as the a b i l i t y  to  speak a sho rt 
t im e  a f te r  the  in ju r y .  A lu c id  in t e r v a l  was d e scribed  as 
"complete" when the p a tie n t is  able to  ta lk  norm ally, but only 
" p a r t ia l"  when speech is  abnormal (ranging from confused speech 
to  a few m u tte red  words o n ly ) . In  a s e r ie s  o f  f a t a l  cases o f  
head in ju r y ,  these a u th o rs  drew a t te n t io n  to  th e  a s s o c ia t io n  
between a lu c id  in te r v a l  and secondary fo rm s o f  b ra in  damage,
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in c lu d in g  in t r a c r a n ia l  haematomas, hypoxic/ischaem ic damage, 
m e n in g itis  and fa t  embolism. On the o ther hand, as Adams e t a l. 
(1977) p o in te d  o u t, p a t ie n ts  w ith  severe p rim a ry  b ra in  damage 
are in  coma from the ou tse t w ith o u t any lu c id  in te rv a l.
In  th e  p re se n t s e r ie s , a lu c id  in te r v a l  occu rred  in  o n ly  9 
p a t ie n ts  (19%)• T h is  was com p le te  in  4 cases (8?) and p a r t ia l  
in  5 cases (11%).
Coma
A p a rt from  any lu c id  in t e r v a l ,  a l l  th e  p a t ie n ts  in  th e  s e r ie s  
were comatose, according to  the Glasgow Coma Scale, fo r  varying 
p e rio d s  b e fo re  any " re c o v e ry ” to  a v e g e ta t iv e  o r se ve re ly  
d isabled s ta te . There were 6 p a tie n ts  in  the se ries , however, 
who remained in  coma u n t i l  they d ied.
In tra c ra n ia l in fe c tio n
In t r a c r a n ia l  in fe c t io n  had been tre a te d  in  3 cases (6% o f  
se ries). There was m e n in g itis  in  2 cases and a subdural empyema 
in  1 case.
Hypotension and hypoxia
Hypotension was defined a r b i t r a r i ly  as a s y s to lic  blood pressure 
< 90 mm Hg regard less o f dura tion . Per-operative or anaesthetic 
induced hypotension was not taken in to  account since anaesthesia 
tends to  p ro te c t against cerebra l hypoxic damage. Hypoxia was 
defined a r b i t r a r i ly  as a p02 < 60 mm Hg regard less o f duration. 
The data in  t h is  s e c tio n  r e fe r  to  the  month a f t e r  in ju r y ,  bu t
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" te rm in a l"  h yp o tens ion , hypoxia  and c a rd ia c  o r re s p ira to ry  
a rre s ts  occurring  in  the 24 hours before death were disregarded.
H ypotension  a n d /o r hypoxia  had been recorded in  26 cases 
(54% o f  s e r ie s ) .  Of t h is  t o t a l ,  9 were hyp o te n s ive  o n ly , 
in c lu d in g  the s in g le  p a tie n t in  whom a card iac a r re s t occurred; 
5 were both hypotensive and hypoxic; and 12 were hypoxic only, 
inc lu d in g  2 p a tie n ts  assumed to  have been hypoxic in  the absence 
o f b iochem ical co n firm a tio n , since they had re s p ira to ry  a rre s ts  
necess ita ting  temporary v e n tila t io n .
Neurosurgical procedures
A d e f i n i t i v e  n e u ro s u rg ic a l  p ro c e d u re  ( i . e .  e x c lu d in g  
exp lo ra tions  and burrho les fo r  in tra c ra n ia l pressure m onitoring) 
was undertaken  in  23 cases (48% o f s e r ie s ) .  D e ta ils  o f  these 
are given in  Table 3.3.
Table 3.3
Neurosurgical procedures
Alone Plus Plus bony Plus To ta l
lobectomy decompression both
Evacuation o f 
haematoma 6 7 5 3 21
Debridement 
o f contusions
E levation  o f
depressed
fra c tu re
1 1
Tota l 7 8 5 3 23
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An in t r a c r a n ia l  haematoma (any typ e ) was evacuated in  21 
cases (44% o f s e r ie s ) .  There were o th e r  p rocedures in  2 cases 
(4%). The o p e r a t io n  in c lu d e d  a lo b e c to m y  a n d /o r  bony 
decom pression in  16 cases, in  15 o f  whom a haematoma had been 
evacuated.
Outcome
The 48 p a tie n ts  selected were incapable o f independent l i f e .  I t  
was p o s s ib le  to  c la s s i f y  44 o f th e  p a t ie n ts  more p re c is e ly  as 
be ing  in  p ro longed  coma, in  a v e g e ta t iv e  s ta te  o r se ve re ly  
d isab led .
These d is t in c t io n s  were based on the a b i l i t y  to  open eyes, 
to  obey commands o r to  speak, th e  fe a tu re s  used to  de te rm ine  
conscious le v e l on the Glasgow Coma Scale. Thus, the essen tia l 
d iffe re n ce  between prolonged coma and the  v e g e ta tiv e  s ta te  is  
th a t  th e  l a t t e r  is  a sso c ia te d  w ith  eye opening (J e n n e tt and 
Teasdale, 1977). I f ,  on the o ther hand, a dependent p a tie n t was 
able e ith e r  to  speak or to  obey commands, th is  was regarded as a 
degree o f response in c o n s is te n t  w ith  a v e g e ta tiv e  s ta te  and 
in d ic a tin g  severe d is a b i l i ty  as defined on the Glasgow Outcome 
Scale (p .3 ).
The d if fe re n t  outcome categories are defined below:
1. Prolonged Coma (6 cases)
Prolonged coma was d e fin e d  as ” n o t opening eyes, n o t 
obeying commands and not u tte r in g  words” , o f a t le a s t 28 
days1 du ra tion .
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2. Vegeta tive  State (22 cases)
The v e g e ta t iv e  s ta te  was d e fin e d  as "open ing eyes, no t 
obeying commands and not u tte r in g  words”.
3. Severe D is a b il i ty  (16 cases)
Severe d is a b i l i t y  was defined as "opening eyes, obeying 
commands or u tte r in g  words” in  a p a tie n t unable to  lead 
an independent l i f e .  One p a t ie n t  who was a b le  to  
communicate by means o f eye movements only and who may 
have been an example o f the " lo cke d -in ” syndrome (Plum 
and Posner, 1980) was in c lu d e d  in  t h is  group. T h is  
p a tie n t is  described in  more d e ta il in  Chapter 9.
4. Poor Outcome (U nspecified) (4 cases)
A ccu ra te  c la s s i f i c a t io n  was n o t p o s s ib le  in  4 cases. 
C lin ic a l records re la t in g  to  the period o f recovery were 
no lo n g e r a v a ila b le  in  3 cases. The fo u r th  p a t ie n t ,  a 
one yea r o ld  in fa n t ,  was to o  young f o r  assessment by 
c r i t e r ia  intended fo r  a p p lic a tio n  to  o lder pa tien ts .
N otw ithstanding the above c la s s i f ic a t io n ,  th e  s e v e r ity  o f  
outcome in  th e  s e r ie s  as a w hole is  dem onstra ted  by th e  fa c t  
th a t  o n ly  2 p a t ie n ts ,  both s e ve re ly  d is a b le d , ever recovered  
s u f f ic ie n t ly  to  be able to  leave h o sp ita l.
Severely disabled pa tien ts  who de te rio ra ted
Three severely disabled p a tie n ts  d e te rio ra ted  a f te r  an i n i t i a l  
p e rio d  o f re co ve ry , a lth ou g h  they s t i l l  rem ained w ith in  the  
Severe D is a b ili ty  group. These p a tie n ts  are described in  more 
d e ta il in  Chapter 10.
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Duration o f s u rv iv a l
The d u ra t io n  o f  s u rv iv a l o f  th e  p a t ie n ts  is  ta b u la te d  w ith  
re fe re n c e  to  outcome in  Tab le  3*4. More than  h a l f  o f  the  
s e r ie s , 28 p a t ie n ts  (58%), d ie d  w ith in  90 days, w h ile  39 
p a t ie n ts  (81%) d ied  w i t h in  one year o f  in ju r y .  The lo n g e s t 
s u r v iv a l was o f  14 years and 3 months, in  a s e v e re ly  d is a b le d  
p a tie n t.
Table 3-4
D uration o f s u rv iv a l o f  p a tie n ts  (re la te d  to  outcome).
<90days <l80days <1yr <5yrs <10yrs <15yrs To ta l
Prolonged
coma 6 -  -  6
Vegetative
s ta te  13 2 2 3 2 -  22
Severe
d is a b i l i t y  7 5 1 1 1 1  16
Poor outcome
(unspec.) 2 1 1 -  -  4
T o ta l 28 7 4 ' 5 3 r 1 48
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CHAPTER 4
PRELIMINARY REMARKS ON PATHOLOGICAL FINDINGS
One o f th e  p r in c ip a l  purposes o f t h is  in v e s t ig a t io n  was to  
id e n t i f y  th e  s t r u c tu r a l  a b n o rm a lit ie s  o f  th e  b ra in  th a t  
c o n tr ib u te  to  a poor outcome a f te r  n o n -m is s ile  head in ju r y .  
Non-parenchymal le s io n s  such as f r a c tu re s  o f  th e  s k u l l  and 
ex tradu ra l haematomas were a lso stud ied, however, so th a t the 
survey would be s u f f ic ie n t ly  comprehensive to  a llow  the ana lys is  
o f  r e la t io n s h ip s  between d i f f e r e n t  types  o f le s io n  and the  
d e lin e a tio n  o f pa tte rns o f b ra in  damage.
Bra in damage re s u lt in g  from non-m iss ile  head in ju ry  is  o ften  
c la s s i f ie d  as p rim a ry  ( i .e .  o c c u rr in g  a t  th e  moment o f in ju r y )  
o r secondary ( i .e .  d e ve lo p in g  la t e r ) .  T h is  r e f le c t s  n o t on ly  
te m p o ra l r e la t io n s h ip s  bu t a ls o  pa thogenesis  s in ce  le s io n s  
caused d ire c t ly  by trauma are prim ary in  th a t they are produced 
a t  the  moment o f in ju r y .  In  c l in i c a l  p ra c t ic e ,  th e  concept o f 
secondary les io ns  is  im portan t because i t  draws a tte n tio n  to  the 
occu rrence  o f c o m p lic a tio n s  w hich  may be preventable (Lancet, 
1978). R ecen tly , however, th e re  has been a tendency fo r  
c l in ic ia n s  to  c la s s ify  les ions as fo ca l or d if fu s e , w ith  the a id  
o f modern imaging techniques such as com pute rised  tom ograph ic  
scanning. T h is  c la s s i f ic a t io n  appears to  be more re le v a n t to  
outcome than th e  fo rm e r, s ince  a re v ie w  o f th e  l i t e r a t u r e  has 
suggested th a t  th e  le s io n s  a sso c ia te d  w ith  a poor outcome are  
d if fu s e  ra th e r than fo ca l in  nature, w ith  the exception o f foca l 
les io ns  in  the b ra in  stem.
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In  t h is  th e s is ,  th e  p a th o lo g ic a l f in d in g s  a re  o rgan ised  
according to  the scheme shown in  Table 4.1. This c la s s if ic a t io n  
takes in to  account whether le s io n s  are primary or secondary as 
w e l l  as w he ther they a re  fo c a l o r d if fu s e .  I t  should be noted 
th a t  haematomas a re  here  regarded as be ing  p rim a ry  s ince  they 
are in i t ia te d  a t the moment o f impact, although c l in ic a l ly  they 
are thought o f as secondary because they may not present u n t i l  
some tim e  a f t e r  in ju r y ,  c la s s ic a l ly  a f t e r  a lu c id  in te r v a l .  
D if fu s e  axonal in ju r y  is  a ls o  regarded as a p rim a ry  le s io n . 
This has been disputed by those who believed i t  to  be secondary 
to  c o m p lic a tio n s  o f head in ju r y  (Osetowska, 1964; J e l l in g e r ,  
1977) but d if fu s e  axonal in ju ry  has since been reproduced in  an 
experim ental animal model and shown to  occur a t the moment o f 
impact (G ennare lli e t a l. ,  1982).
Table 4.1
C la s s if ic a tio n  o f les ions  used in  th is  th e s is .
Primary Focal
D iffuse  
Secondary Focal
Focal or 
d if fu s e
Delaved Onset
Fractures o f the s k u ll Chapter 5
Contusions
Haematomas
D iffu se  axonal in ju ry  Chapter 6
Evidence o f ra ised  in t r a -  Chapter 7 
c ra n ia l pressure 
Secondary les ions  in  the 
b ra in  stem
Hypoxic/ischaemic b ra in  Chapter 8
damage
In tra c ra n ia l in fe c tio n
Hydrocephalus Chapter 10
Causes o f la te  d e te r io ra tio n
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CHAPTER 5
FOCAL PRIMARY LESIONS: FRACTURES OF THE SKULL, CEREBRAL
CONTUSIONS AND INTRACRANIAL HAEMATOMAS
Fractures of the skull
Data on fra c tu re s  o f the s k u ll have been augmented from c l in ic a l  
records, since fra c tu re s  w h ich  had been recogn ised  c l i n i c a l l y  
were n o t a lw ays id e n t i f ia b le  p os t mortem, p a r t ic u la r ly  in  
p a tie n ts  o f longer s u rv iva l. There had been c l in ic a l  evidence 
o f  a f r a c tu r e  in  26 p a t ie n ts  (54% o f  s e r ie s ) .  Post mortem 
c o n f irm a t io n  was o b ta in e d  in  14 o f these , re p re s e n tin g  a l l  8 
p a t ie n ts  who s u rv iv e d  up to  38 days, b u t o n ly  6 o f  18 p a t ie n ts  
l i v i n g  lo n g e r. The c l i n i c a l  evidence o f a f r a c tu r e  in  the 
remaining 12 p a tie n ts  was rad iograph ic in  8 cases, neurosurgical 
in  2 cases and based on th e  presence o f c e re b ro s p in a l f l u id  
rh inorrhoea or otorrhoea in  2 cases.
F ra c tu re s  in v o lv e d  th e  v a u lt  o f the  s k u l l  a lone  in  7 cases 
(15% o f  s e r ie s ) ,  th e  v a u lt  to g e th e r w ith  th e  base in  15 cases 
(31%) and the base alone in  4 cases (8%).
Cerebral contusions
The d is t r ib u t io n  and m orphology o f c e re b ra l co n tu s io n s  is  
c h a ra c te r is t ic  whether they are recent haemorrhagic les ions  or 
longstanding shrunken pigmented scars. T yp ica lly  they occur a t 
the f r o n ta l and temporal poles and on the undersurfaces o f the 
fro n ta l and temporal lobes. When sm all they tend to  a ffe c t the
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c re s ts  o f g y r i  b u t, i f  more severe, extend th rough  th e  c o rte x  
and in to  the underly ing  w h ite  m atter.
Q u a n tif ic a tio n  o f  contusions
The s e v e r ity  o f  c o n tu s io n s  in  each case was assessed by th e  
"contusion index" method. D e ta ils  o f th is  technique have been 
published (Adams e t a l. ,  1985b), but a b r ie f  d e sc rip tio n  w i l l  be 
given here.
C o n tu s io n s  w i t h in  each o f  12 a n a to m ic a l " lo c a to r s "  
(co rre sp o n d in g  to  th e  f r o n ta l ,  te m p o ra l, p a r ie ta l ,  o c c ip i t a l  
lobes, the S ylv ian  fis s u re s  and the ce re b e lla r hemispheres) are 
analysed separate ly. For each lo c a to r, the depth and exten t o f 
the  co n tu s io n s  a re  each graded n u m e r ic a lly  as shown in  Table
5.1. A "c o n tu s io n  in d e x" (C .I.)  is  then d e rive d  fo r  each 
lo c a to r  by m u lt ip ly in g  th e  f ig u re s  f o r  depth and e x te n t. An 
example is  g ive n  in  F ig u re  5.1. The " t o t a l  co n tu s io n  ind e x" 
(T .C .I.) f o r  th e  w hole b ra in  is  o b ta in e d  by adding a l l  the  
co n tu s io n  in d ic e s , so th a t  th e  T .C .I. has a p o te n t ia l  range o f
0-144.
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Table 5.1
Contusion index method: gradings used fo r  depth and exten t o f
contusiona l damage.
Grade Depth
0 Absent
1 Less than f u l l  th ickness
o f cortex
2 F u ll th ickness o f cortex
3 In to  d ig ita te  w hite
m atter
4 In to  deep w h ite  m atter
Contusions in  the present se ries  
There were no co n tu s io n s  (T .C .I. = 0) in  5 cases (10% o f 
s e r ie s ) .  In  th e  43 cases (90%) in  w hich  co n tu s io n s  were 
p re se n t, they v a r ie d  w id e ly  in  s e v e r ity  (T .C .I. range 1-48, 
median 13). For s im p l ic i t y ,  c o n tu s io n a l damage was graded 
a r b i t r a r i l y  as absent (T .C .I. = 0) in  5 cases, m ild  (T.C .I. =
1-5) in  13 cases, moderate (T .C .I. = 6-24) in  22 cases and 
severe (T.C .I. = 25-48) in  8 cases. Of th e  13 cases c la s s i f ie d  
as m ild , the contusions in  12 cases were sm all and lo c a lis e d  and 
had a maximum exten t o f 1 in  any lo c a to r.
The frequency and s e v e r ity  o f  co n tu s io n s  is  compared fo r  
each lo c a to r and fo r  each grade in  Tables 5.2 and 5.3. O vera ll, 
contusions were most common and most severe in  the temporal and 
fro n ta l lobes, a pa tte rn  repeated w ith in  each grade. The most
Extent
Absent
’’Loca lised” , i . e .  one 
gyrus o r two adjacent 
g y r i
’’Moderately extensive" 
i . e .  g rea ter p a rt o f 
one surface o f lobe
"Extensive", i . e .  more 
than one surface o f a 
lobe
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marked d if fe re n c e  between th e  m ild  and severe  grades was the  
s e v e ra l- fo ld  in c re a se  in  bo th  f r o n ta l  and te m p o ra l co n tu s io n  
ind ices .
Table 5.2
Frequency o f co n tu s io n s  (u n ila te ra l o r b ila te ra l)  compared fo r  
each lo c a to r  and each grade o f  s e v e r ity .  The f ig u re s  in  the  
f i n a l  column a re  le s s  than th e  to ta ls  in  each row because in  
most cases there  were contusions in  more than one lo c a to r.
Grade Locator*
F T SF P 0 C Any
M ild 6 6 2 0 3 4 13
Moderate 18 20 5 1 5 10 22
Severe 8 8 3 2 4 5 8
Tota l 32 34 10 3 12 19 43
Table 5.3
Median c o n tu s io n  in d ic e s  (based on b i la t e r a l  t o ta ls  f o r  each 
lo c a to r) compared fo r  each lo c a to r and each se ve rity  grade.
Grade Locator*
F T SF P 0 C
M ild 1.5 2 2 0 1 1.5
Moderate 6 8 4 2 3 1
Severe 14.5 11.5 3 3 5 2
A l l  cases 6.5 8 3.5 2 2 2
*F = f r o n ta l ;  T = te m p o ra l; SF = s y lv ia n  f is s u r e ;  P = p a r ie ta l ;  
0 = o c c ip ita l;  C = cerebellum
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R ela tionsh ip  between contusions and fra c tu re s  o f the s k u ll 
Contusions were more severe in  p a tie n ts  w ith  a fra c tu re  o f the 
s k u ll than in  those w itho u t a fra c tu re  (Table 5 .4 ) .
Table 5.4
Median t o t a l  co n tu s io n  in d ic e s  (T .C .I.) in  p a t ie n ts  w ith  and 
w ith o u t a fra c tu re  o f the s k u ll.
n Median T .C .I.
W ith a fra c tu re  26 16.5
W ithout a fra c tu re  22 3.5
p < 0.0001 (Mann-Whitney te s t)
Intracranial haematomas
I n t r a c r a n ia l  haematomas were c la s s i f ie d  by a n a to m ica l type  
(T a b le  5 .5 ) and a c c o rd in g  to  w h e th e r  o r  n o t e va cua ted  
n e u ro s u rg ic a lly .  Most o f th e  te rm s l i s t e d  in  Table 5.5 a re  in  
c o n v e n tio n a l use and a re  s e lf -e x p la n a to ry .  A b u rs t lob e  is  
d e fin e d  as an in t r a - c e r e b r a l  haematoma in  c o n t in u ity  w ith  a 
subdural haematoma. W ith regard to  in tra ce re b ra l haematomas, a 
d is t in c t io n  has been made between in tra ce re b ra l haematomas o f 
the  c o n v e n tio n a l type  w hich  are  s u p e r f ic ia l ly  lo c a te d  in  the  
c e re b ra l hem ispheres, and basal g a n g lia  haematomas w hich  are  
deeply s itu a te d  in  th e  re g io n  o f the  basal g a n g lia  (Adams e t 
a l . ,  1986b).
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Table 5.5
C la s s if ic a tio n  o f haematomas used in  th is  th e s is .
Extradura l (EDH)
In tra d u ra l Subdural (SDH) 
(SAH) 
( BL) 
(ICH) 
(BGH)
Subarachnoid 
Burst lobe
In tra ce re b ra l 
Basal gang lia
In fo rm a tion  on evacuation o f haematomas was obtained from 
c l in i c a l  re co rd s . The c r i t e r io n  o f  e vacua tio n  is  in tended  to  
id e n t i f y  those haematomas w h ich  had been regarded as be ing 
c l in ic a l ly  s ig n if ic a n t ,  but th is  is  a lso a pragmatic approach to  
the problem o f es tim a ting  s ize  in  a re tro sp e c tive  se ries , based 
on the assumption th a t haematomas which warranted neurosurg ica l 
in te rv e n tio n  were in  general la rg e r  than those not evacuated.
In tra c ra n ia l haematomas in  th is  se ries  ( Table 5.6)
Haematomas were present in  26 cases (54% o f se ries). These had 
been evacuated in  21 cases (44%). In  5 cases (10%) th e re  was 
pos t mortem id e n t i f i c a t io n  o f  haematomas w h ich  had no t been 
evacuated p rev ious ly . D e ta ils  o f the haematomas in  each group 
fo llo w .
Evacuated haematomas ( Table 5.6)
These were ex tradura l and/or subdural in  7 cases, in tra ce re b ra l 
in  2 cases (see F ig . 5.2) and a b u rs t  lob e  in  9 cases. There 
was a combination o f an extradura l o r subdural haematoma and a 
b u rs t lobe or in tra ce re b ra l haematoma in  3 cases.
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Table 5.6
Evacuated and unevacuated haematomas according to  type.
Type* Evacuated Unevacuated T o ta l
EDH 1 1
SDH 5 2 7
EDH + SDH 1 — 1
SAH - 1 1
BL 9 - 9
ICH 2 2 4
BGH - — _
SDH + ICH 1 - 1
EDH + BL 2 - 2
To ta l 21 5 26
^Abbreviations as in  Table 5.5 (p .3 1 ).
Evacuated haematomas thus  in v o lv e d  c e re b ra l parenchyma (as 
in t r a c e re b ra l haematomas o r b u rs t lo b e s ) in  14 cases. The 
anatomical lo ca tio n s  o f these are shown in  Table 5 .7 .
Table 5.7
Location o f evacuated in tra c e re b ra l haematomas and b u rs t lobes. 
Location* U n ila te ra l B i la te ra l T o ta l
F 4 -  4
T 9 1 10
i}
CJ
Tota l 13 1 14
^Abbreviations as in  Tables 5.2 and 5.3 (p .29).
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The temporal lobe was the most common s ite ,  accounting fo r  10 o f 
the 14 cases, in c lu d in g  1 case w ith  b i la te ra l evacuated temporal 
haematcmas (F ig . 5 .1 ) .
Unevacuated haematomas ( Table 5 .6 )
In  5 cases th e  haematomas had n o t been evacuated p re v io u s ly . 
These were sm all, w ith  none o f the in tra c e re b ra l haematomas, fo r  
example, be ing  g re a te r  than 2 cm in  d ia m e te r. There were no 
examples o f basal ganglia  haematomas in  the series.
R e la tio n s h ip  b e tween in t r a c r a n ia l  haematomas and fra c tu re s  o f 
the s k u ll ( Table 5 .8 )
There was a s ta t is t ic a l ly  s ig n if ic a n t  assoc ia tion  between in t ra ­
c ra n ia l haematomas (any type) and fra c tu re s  o f the s k u ll.  The 
re la t io n s h ip  between evacuated haematomas and fra c tu re s  o f the 
s k u ll was a lso s ta t is t ic a l ly  s ig n if ic a n t.
Table 5.8
R ela tionsh ip  between haematomas and fra c tu re s  o f the s k u ll.
F racture T o ta l p*
Present
(n=26)
Absent
(n=22)
Haematoma (any type) 18
Evacuated haematoma 15
8 26 0.02
6 21 0.03
#F isherf s exact p ro b a b ility  te s t
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R e la tio n s h ip  b e tween in t r a c r a n ia l  haematomas and c e re b ra l 
contusions (Table 5.Q)
Cerebral contusions were more severe in  p a tie n ts  w ith  an in t ra ­
c ra n ia l haematoma o f any type than in  p a tien ts  w ith o u t an in t ra ­
c ra n ia l haematoma.
Table 5.9
Cerebral contusions in  p a tie n ts  w ith  and w ith o u t an in tra c ra n ia l 
haematoma (any type).
n Median TCI*
Present 26 16.5
Haematoma (any type)
Absent 22 4.0
p = 0.0002 (Mann-V/hitney te s t)
*TCI = Tota l contusion index.
In te r re la t io n s h ip s  between primary fo c a l les ions 
In te r r e la t io n s h ip s  between f r a c tu re s  o f  th e  s k u l l ,  c e re b ra l 
co n tu s io n s  and i n t r a c r a n ia l  haem atom as in  43 cases a re  
summarised in  Fig. 5.3. There was a combination o f contusions 
w ith  a fra c tu re  o f the s k u ll and/or an in tra c ra n ia l haematoma in  
36 cases. C ontus ions were p re sen t w ith o u t  a f r a c tu r e  o r a 
haematoma in  7 cases. In  no case d id  a fra c tu re  o r a haematoma 
c o n s titu te  the only foca l prim ary les ion .
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CONTUSIONS
HAEMATOMASFRACTURES
Fig. 5.3
Venn diagram  showing in te r - r e la t io n s h ip s  between c e re b ra l 
contusions, in tra c ra n ia l haematomas (any type) and fra c tu re s  o f 
th e  s k u l l  in  43 cases. Median t o t a l  co n tu s io n  in d ic e s  w ith in  
each compartment are given in  parentheses.
CHAPTER 6
DIFFUSE PRIMARY BRAIN DAMAGE: DIFFUSE AXONAL INJURY
Introduction
Primary damage to  w h ite  m atte r is  characterised by evidence o f 
w idespread damage to  axons in  the  c e re b ra l hem ispheres, the  
ce rebe llu m  and b ra in  stem. T h is  process has been known by 
various names, inc lu d in g  d if fu s e  degeneration o f cerebra l w h ite  
m a tte r  (S tr ic h ,  1956), shear in ju r y  o f  th e  b ra in  (P ee rle ss  and 
Rewcastle, 1967), d if fu s e  damage o f immediate impact type (Adams 
e t a l . ,  1977) and d if fu s e  axonal in ju r y  (Adams e t a l . ,  1982). 
The la s t  te rm , d i f fu s e  axona l in ju r y ,  is  th e  one p re fe rre d  in  
th is  th e s is  since i t  c le a r ly  denotes th a t axons are the seat o f 
the fundamental les ion .
The h is to lo g ic a l fea tu res o f d if fu s e  axonal in ju ry  depend on 
the  le n g th  o f s u rv iv a l.  Thus, S t r ic h  (1961) found th a t  in  
p a tien ts  o f up to  s ix  weeks’ s u rv iv a l, evidence o f axonal in ju ry  
took the form o f re tra c tio n  b a lls  s im ila r  to  those described by 
C a ja l (1928) a f t e r  s e c tio n  o f  p e r ip h e ra l nerves, and th a t  in  
p a t ie n ts  l i v i n g  lo n g e r, e x te n s iv e  W a lle r ia n  degene ra tion  was 
demonstrable up to  two years a f te r  in ju ry  by means o f the Marchi 
method. In  p a t ie n ts  s u rv iv in g  beyond the  p e rio d  o f  a c t iv e  
m y e lin  d e g e n e ra t io n , d e m y e lin a t io n  is  th e  main fe a tu re  
(Osetowska, 1964; Beth lem , 1968). The tim e  course o f the  
p r in c ip a l h is to lo g ic a l fea tu res may the re fo re  be summarised as 
f o l lo w s :  r e t r a c t io n  b a l l s  (days  to  w e e ks ); W a l le r ia n
degeneration (months); and, dem yelination (years).
35
In  cases o f d if fu s e  axonal in ju ry ,  sm all fo ca l les ions  are 
commonly found in  the corpus callosum and d o rso la te ra l quadrants 
o f the ro s tra l b ra in  stem (S tr ic h , 1961). These les ions , which 
are o ften  v is ib le  m acroscop ica lly, tend to  be haemorrhagic when 
recent but, i f  the p a tie n t surv ives fo r  some tim e, they become 
pigmented shrunken or c y s tic  scars. They have been ca lle d  the 
h a llm a rk s  o f  d i f fu s e  axona l in ju r y  (Adams e t a l . ,  1980a), 
fo rm ing pa rt o f a d iagnostic  t r ia d  com prising ( i )  a fo c a l le s io n  
in  th e  corpus ca llo su m , ( i i )  a fo c a l le s io n  in  one o r bo th  
d o rs o la te ra l quad ran ts  o f  th e  r o s t r a l  b ra in  stem, and ( i i i )  
m icroscopic evidence o f d if fu s e  damage to  axons (Adams e t a l. , 
1982; Adams and Graham, 1984). More re c e n t ly ,  however, the  
same authors have drawn a tte n tio n  to  examples o f d if fu s e  axonal 
in ju ry  w itho u t the c h a ra c te r is t ic  fo c a l les ions , which they have 
designated as "m icroscopic d if fu s e  axonal in ju ry "  (Adams e t a l. , 
1985a).
Diffuse axonal injury in this series
In  the  p resen t s e r ie s , n o t a l l  cases o f d if fu s e  axona l in ju r y  
were accompanied by foca l les ions  o f the type described above. 
For the  purposes o f t h is  th e s is ,  th e re fo re , d if fu s e  axonal 
in ju r y  was d e fin e d  s im p ly  as "w idespread evidence o f axonal 
damage ind ica ted  by re tra c tio n  b a lls , W a lle rian  degeneration or 
dem yelination, and which could not be a ttr ib u te d  to  any proxim al 
fo ca l le s io n (s ) " .
A ccord ing  to  t h is  d e f in i t io n ,  d i f fu s e  axonal in ju r y  was 
p resen t in  25 cases in  the  s e r ie s  (52% o f  t o ta l ) .  R e tra c tio n
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b a lls  (Fig. 6.1) were present in  12 cases (su rv iva l 28-64 days). 
W a lle rian  degeneration as demonstrated by the Marchi technique 
(F ig . 6.3) was found in  12 cases ( s u rv iv a l 59 days to  1 year 9 
months). In  many o f these cases, abundant l ip id  phagocytes were 
v is ib le  w ith in  areas o f m y e lin  degeneration in  conven tiona lly  
s ta in e d  s e c tio n s  (F ig . 6 .2). D e m ye lin a tio n  as recogn ised  by 
p a l lo r  o f m y e lin  s ta in in g  (F ig . 6.4) was p re se n t in  10 cases 
( s u r v iv a l 140 days to  14 years 3 m onths), and in  one o f  these 
( s u rv iv a l 6 yea rs) was so severe th a t  i t  was obv ious to  the  
naked eye (F ig . 6 .5). Thus the  main h is t o lo g ic a l  fe a tu re s  o f 
d if fu s e  axonal in ju ry  to  some exten t overlapped ch rono log ica lly .
Focal lesions in the corpus callosum and brain stem.
Focal les ions  in  the corpus callosum (Figs. 6.6 and 6.12) or the 
d o rs o la te ra l quad ran t o f the  r o s t r a l  b ra in  stem (F ig s . 6.7 and 
6.8) were p re se n t in  24 o f th e  25 cases o f d i f fu s e  axonal 
in ju ry . The re la t io n s h ip  between les ions  in  each s itu a tio n , and 
whether these were macroscopic o r m icroscopic, is  shown in  Table
6.1. Foca l le s io n s  were p re sen t in  the  corpus ca llosum  in  24 
cases, and in  th e  d o rs o la te ra l quadran t o f the  r o s t r a l  b ra in  
stem in  18 cases. In  o n ly  18 o f th e  25 cases o f d if fu s e  axonal 
in ju ry  was the o r ig in a l d iagnostic  t r ia d  o f Adams e t a l. (1982) 
f u l f i l l e d ,  in  th a t  th e re  were le s io n s  in  bo th  the  corpus 
ca llosum  and th e  d o rs o la te ra l quad ran t o f th e  r o s t r a l  b ra in  
stem. Both le s io n s  were v is ib le  m a c ro s c o p ic a lly  in  o n ly  13 
cases (Tab le  6.1).
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Table 6.1
Focal les ions in  the corpus callosum and d o rso la te ra l quadrant
o f the ro s tra l b ra in  stem in  25 cases o f d if fu s e  axonal in ju ry .
Macroscopic and m icroscopic le s io n s  are d is tingu ished .
Focal le s io n  in
corpus ca llosun
Macro* M icro* Absent To ta l
Macro* 13 13
Focal le s io n in
d o rso la te ra l M icro* 4 1 5
quadrant
Absent 4 2 1 7
Tota l 21 3 1 25
* Macro = macroscopic; Micro = m icroscopic
Grading of diffuse axonal injury according to focal lesions in 
the corpus callosum and brain stem
D if fu s e  axonal in ju r y  has been reproduced in  an e xp e rim e n ta l 
an im a l model by G e n n a re lli e t a l.  (1982). These a u th o rs  were 
a b le  to  c o r re la te  the  d u ra t io n  o f t ra u m a tic  coma in  p rim a te s  
w ith  the seve rity  o f d if fu s e  axonal in ju ry  as graded according 
to  the  presence o r absence o f  fo c a l le s io n s  in  th e  corpus 
callosum or the d o rso la te ra l quadrant o f the ro s tra l b ra in  stem. 
Grade 3 d i f f u s e  a x o n a l i n j u r y  ( th e  m ost s e v e re ) was 
characterised by foca l les ions  in  both the corpus callosum and 
the  d o rs o la te ra l quadran t o f the  r o s t r a l  b ra in  stem, to g e th e r 
w ith  h is to lo g ic a l evidence o f d if fu s e  damage to  axons. Grade 2 
was characterised by a fo ca l le s io n  in  the corpus callosum on ly,
toge ther w ith  h is to lo g ic a l evidence o f d if fu s e  damage to  axons. 
Grade 1 ( th e  le a s t  severe) was c h a ra c te r is e d  by h is t o lo g ic a l  
evidence o f d if fu s e  damage to  axons w ith o u t accompanying fo ca l 
les ions. In  the present se ries , d if fu s e  axonal in ju ry  could be 
c la s s i f ie d  s im i la r ly  (Tab le  6 .2). Thus, d if fu s e  axonal in ju ry  
was o f  Grade 3 in  18 cases, Grade 2 in  6 cases and Grade 1 in  1 
case. These gradings w i l l  be re la ted  to  outcome in  Chapter 9*
Table 6 .2
Grading o f d if fu s e  axonal in ju ry  in  25 cases.
Grade o f M icroscopic Focal les ions  n
d if fu s e  d iffu s e
axonal axonal Corpus D orso la te ra l
in ju ry  damage callosum quadrant o f
ro s tra l 
b ra in  stem
18
6
1
Other Features Associated with Diffuse Axonal Injury
M ic ro g lia l c lu s te rs
Groups o f  h y p e rtro p h ie d  m ic r o g l ia l  c e l ls ,  v a r io u s ly  known as 
m ic r o g l ia l  " s ta rs " ,  "k n o ts "  o r " c lu s te rs " ,  occu r s c a tte re d  
th ro u gh o u t w h ite  m a tte r in  cases o f  d if fu s e  axona l in ju r y  
(S t r ic h ,  1961; M itc h e l l  and Adams, 1973; Adams e t  a l . ,  1977)* 
They are  d i f f i c u l t  to  a p p re c ia te  in  co n v e n tio n a l p a r a f f in
39
sections but are e a s ily  recognised in  c e llo id in  sections stained 
by N is s l ’ s method (F ig s . 6.9 and 6.10). In  the  p resen t s tu dy , 
20ju th ic k  p a ra ff in  sections sta ined w ith  c re sy l v io le t  were also 
examined fo r  th is  purpose. M ic ro g lia l c lu s te rs  were present in  
40 cases who su rv ive d  up to  1 year 174 days. They were a 
constant f in d in g  in  cases o f d if fu s e  axonal in ju ry , being found 
in  a l l  21 cases w ith in  the sta ted period o f s u rv iva l. They were 
a lso, however, found in  19 cases w ith o u t d if fu s e  axonal in ju ry . 
Assessment was s u b je c t iv e , bu t in  gene ra l th e  numbers and 
d is t r ib u t io n  o f m ic ro g lia l c lu s te rs  d if fe re d  between cases w ith  
and w ith o u t d if fu s e  axonal in ju ry . In  cases w ith  d if fu s e  axonal 
in ju ry ,  m ic ro g lia l c lu s te rs  were very numerous and widespread. 
They tended to  be s u p e r f ic ia l  ra th e r  than deep, m ed ia l ra th e r  
than la te ra l,  superio r ra th e r than in fe r io r ,  and the re fo re  were 
o fte n  most numerous in  p a ra s a g it ta l  w h ite  m a tte r  a lth oug h  
asymmetry between the hemispheres was common. In  cases w ith o u t 
d if fu s e  axonal in ju ry , on the o ther hand, c lu s te rs  tended to  be 
too scanty to  conform to  the pa tte rn  described and appeared to  
be scattered randomly.
Mu l t i p l e  s m a ll le s io n s  o f  haemo rrh a g ic  o r ischaem ic  o r ig in :  
nd if fu s e  vascular in ju r y ”
Sm all haemorrhages and s o fte n in g s , s m a ll c o r t ic a l  in f a r c t s  
s itua ted  a t the bottom o f s u lc i,  and s c le ro s is  o f Ammon’ s horns 
w ere  o bse rved  by S t r ic h  (1956) in  h e r cases o f  d i f f u s e  
degene ra tio n  o f  w h ite  m a tte r. S im ila r  sm a ll o r m ic ro s c o p ic  
le s io n s  were found in  t h is  s e r ie s , b u t were n o t a lw ays
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associated w ith  d if fu s e  axonal in ju ry . Since the le s io n s  tended 
to  be w id e ly  s c a tte re d  in  the  b ra in  and appeared to  have 
o r ig in a te d  as fo c i  o f  haemorrhage o r ischaem ic  damage o fte n  
re la te d  to  sm all vessels, i t  seemed appropria te  to  consider them 
in  th is  section  under the t i t l e  o f "d iffu s e  vascu lar in ju ry " . A 
d i f f i c u l t y  in  t h is  area is  th e  la c k  o f  a p re c is e  d e s c r ip t iv e  
term  fo r  th e  in d iv id u a l le s io n s  s ince  t h e i r  pa thogenesis  is  
specu la tive  and h is to lo g ic a lly  they range from m inute in fa rc ts , 
haem orrhag ic in f a r c t s ,  haemorrhages and m inute haematomas to  
o ld e r  f o c i  o f  g l i o s i s  o f te n  w i t h  e v id e n c e  o f  p re v io u s  
haemorrhage. The le s io n s  in  th e  depths o f  s u lc i  have been 
ca lle d  "su lca l in fa rc ts " ,  w h ile  those in  the dorsal paramedian 
regions o f the cerebra l hemispheres are conven tiona lly  known as 
" g l id in g  c o n tu s io n s ", a lth o u g h  th e re  is  l i t t l e  resem blance 
between these and conventional in fa rc ts  or contusions. In  th is  
study, however, the terms su lca l in fa rc t  and g lid in g  contusion 
w i l l  be re ta ined, w h ile  the term "vascular le s io n " w i l l  be used, 
in  s p ite  o f  i t s  l im i t a t io n s ,  f o r  s im i la r  le s io n s  e lsew here in  
th e  b ra in . V a rio u s  p o s s ib le  components o f d i f fu s e  v a s c u la r 
in ju r y  were separa ted  a cco rd in g  to  t h e i r  lo c a t io n  in  the  
c e re b ra l hem ispheres (Tab le  6.3). These w i l l  be d escribed  in  
tu rn  and th e ir  re la t io n s h ip  to  d if fu s e  axonal in ju ry  analysed.
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Table 6.3
Components o f d if fu s e  vascu lar in ju ry .
Su lca l in fa rc ts  
G lid in g  contusions 
Vascular le s io n s  in :  
hippocampi 
w h ite  m atter 
basal ganglia  
subependymal zone
Sulcal infarcts. The term su lca l in fa r c t  is  intended to  denote 
a le s io n  o f ischaemic or haemorrhagic o r ig in  occurring  w ith in  
the cerebra l cortex im m ediately underly ing the deepest p a rt o f 
the  su lcu s  (F ig s . 6.5, 6.12 and 6.13). S u lc a l in f a r c t s  were 
p re sen t in  13 cases (27% o f  s e r ie s ) .  There was a h ig h ly  
s ig n if ic a n t  assoc ia tion  w ith  d if fu s e  axonal in ju ry  (Table 6.4). 
In  some cases they were v is ib le  to  th e  naked eye as sm a ll 
pigmented fo c i o f c o r t ic a l atrophy a t the bottom o f s u lc i (Figs. 
6.5, 6.12). M ic roscop ica lly  (Fig. 6.13) they con s is t o f sm all 
f o c i  o f s u b to ta l o r  t o t a l  neurona l lo s s  w ith  re a c t iv e  g l io s is  
and evidence o f previous haemorrhage in  the form o f haemosiderin 
e ith e r  f re e  o r w ith in  macrophages, a lth oug h  t h is  la s t  fe a tu re  
was not always present. The f u l l  th ickness o f the cortex could 
be in v o lv e d , b u t fre q u e n t ly  th e  le s io n  was co n fin e d  to  the 
deeper la y e rs  o n ly . C h a r a c te r is t ic a l ly ,  su lca l in fa rc ts  were 
most p rom inen t and most fre q u e n t in  the  s u p e r io r  and m idd le
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f r o n ta l  s u lc i ,  w hich were in v o lv e d  in  1 2 o f  th e  13 cases, and 
d im in is h e d  in  s iz e  and frequency th e  fa r th e r  la t e r a l  the  
a f fe c te d  s u lc i .  Asymmetry was common, w ith  c o n t r a la te ra l  
le s io n s  o ften  absent o r occu rring  a t a d if fe re n t  le v e l.
Table 6.4
R e la tio n s h ip  between d i f f e r e n t  components o f d if fu s e  vascu lar
in ju ry  and d if fu s e  axonal in ju ry
Type o f le s io n  n
Sulca l in fa rc ts  13
G lid in g  contusions 18
Vascular les io ns  in :
Hippocampi 22
White m atte r 17
Basal gang lia  22
Subependymal 16
zone
Any type 36
>1 type 24
*F is h e r 's  exact p ro b a b ility  te s t
D iffu se  axonal in ju ry  p*
Present Absent
(n=25) (n=23)
13 0 <0.0001
16 2 <0.0001
21 * 1 < 0.0001
15 2 0.0002
15 7 0.04
11 5 0.09
24 12 0.0005
20 4 <0.0001
Gliding contusions. The term g lid in g  contusion was introduced 
by L indenberg  and F reytag  (1960) to  r e fe r  to  haemorrhages and 
haematomas a t  th e  d o rs a l paramedian p o r t io n s  o f  th e  c e re b ra l 
hemispheres. G lid in g  contusions are fre q u en tly  seen in  pa tien ts
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w ith  d i f fu s e  axonal in ju r y  (Adams and Graham, 1984; Adams e t 
a l . , 1986b).
In  th e  p re se n t s e r ie s , g l id in g  c o n tu s io n s  (F igs . 6.6 and 
6.12) were found in  18 cases (38% o f s e r ie s ) .  There was a 
s ig n if ic a n t  assoc ia tion  between g lid in g  contusions and d if fu s e  
axona l in ju r y  (Tab le  6.4). In  some cases the  co n tu s io n s  were 
v is ib le  m acroscopically as pigmented streaks in  the p a ra sa g itta l 
w h ite  m a tte r (Figs. 6.6, 6.12). More commonly, they could only 
be d e te c te d  m ic ro s c o p ic a lly  as zones o f in te n s e  g l io s is  
a sso c ia te d  w ith  haem os ide rin  d e p o s it io n  (F ig . 6.14), o fte n  
e x te n d in g  i n t o  th e  d e epe r la y e r s  o f  th e  c o r te x  a t  th e  
supramedial angle as a zone o f neuronal lo ss  and g lio s is .
Vascular lesions in the hippocampi. Focal le s io n s  o f an 
ischaem ic  o r haem orrhag ic n a tu re  (F ig . 6.11) were found in  one 
or both hippocampi in  36 cases (75% o f se ries). A fte r  exclusion 
o f 14 cases in  which there  was hypoxic b ra in  damage o f d if fu s e  
or boundary zone type, or in fa rc t io n  in  the te r r i to r y  supplied 
by the p o s te r io r cerebra l a rte ry , there  remained 22 cases w ith  
what may be regarded as ’’ is o la te d ”  v a s c u la r  le s io n s  in  the  
hippocampi. There was a h ig h ly  s ig n if ic a n t associa tion  between 
these is o la te d  le s io n s  and d if fu s e  axonal in ju r y  (Tab le  6.4). 
H is to lo g ic a lly , neuronal loss  and re a c tive  g lio s is  were seen in  
the Sommer sector w ith  or w itho u t concomitant involvement o f the 
endfolium . In  10 o f the 22 cases there  was evidence o f previous 
haemorrhage in  th e  fo rm  o f haem osiderin  ly in g  f re e  o r w ith in  
macrophages. This haemorrhagic type o f le s io n  tended to  occur
in  a c h a r a c te r is t ic  lo c a t io n ,  a t  th e  ju n c t io n  o f  th e  Sommer 
s e c to r  and the  sub icu lum  ra th e r  than in  th e  Sommer s e c to r 
i t s e l f .
Vascular lesions in white matter. M u lt ip le  m inute haemorrhagic 
le s io n s  or, in  p a tien ts  o f longer s u rv iv a l, m icroscopic fo c i o f 
g l io s is  w ith  haem o s id e rin  d e p o s it io n  (F ig . 6 .15), as d is t in c t  
from  g l id in g  c o n tu s io n s , were found in  th e  w h ite  m a tte r  in  17 
cases (35% o f  s e r ie s ) .  T he re  was a h ig h ly  s i g n i f i c a n t  
assoc ia tion  w ith  d if fu s e  axonal in ju ry  (Table 6.4). They tended 
to  occur in  deep ra th e r than s u p e r f ic ia l w h ite  m atte r and were 
o ften  re la ted  to  sm all vessels. The anatom ical d is t r ib u t io n  is  
shown in  Table 6.5: th e  f r o n ta l  and te m p o ra l lo b e s  were most
fre q u en tly  invo lved .
Table 6.5
Location o f m u lt ip le  vascu lar les io ns  in  the w h ite  m atte r in  17 
cases.
n
F ron ta l lobe 11
Temporal lobe 16
P a rie ta l lobe 0
O c c ip ita l lobe 4
Cerebellum 1
Vascular lesions in the region of the basal ganglia The region 
o f  th e  basa l g a n g lia  was d e fin e d  as th e  area in c lu d in g  th e
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corpus s tr ia tu m , the caudate and le n t ifo rm  n uc le i, the in te rn a l 
capsu le  and a ls o  the  tha lam us, hypothalam us and su b th a la m ic  
re g io n . M u lt ip le  fo c i  o f g l io s is  o r m inu te  in f a r c t s  w ith  
haemosiderin deposition , w ith  associated neuronal loss  when in  
grey m a tte r , were p re se n t in  22 cases (46%) (F ig . 6.12). These 
were associated w ith  d if fu s e  axonal in ju ry  (Table 6.4).
Vascular lesions in subependymal zone Foci o f g l io s is  w ith  
haemosiderin deposition  occu rring  in  a subependymal s itu a tio n  in  
the w a lls  o f the la te ra l o r th ir d  v e n tr ic le s  were present in  16 
cases (33% o f se ries). These were not s ig n if ic a n t ly  associated 
w ith  d if fu s e  axonal in ju ry .
Relationship between diffuse axonal injury and diffuse vascular 
injury
Any evidence o f vascu lar in ju ry  o f the types described above was 
s tro n g ly  a sso c ia te d  w ith  d if fu s e  axonal in ju r y  (Tab le  6.4). 
T h is  was p a r t ic u la r ly  th e  case when more than one type  o f 
vascu la r le s io n  was present (Table 6 .4 ).
Relationship between diffuse axonal injury and focal primary 
brain damage
Fractures o f the s k u ll and in tra c ra n ia l haematomas were more 
fre q u e n t in  p a t ie n ts  w ith o u t d if fu s e  axona l in ju r y  than in  
p a t ie n ts  w ith  d if fu s e  axonal in ju r y  (Tab le  6 .6 ). C ereb ra l 
contusions were more severe in  p a tien ts  w ith o u t d if fu s e  axonal 
in ju ry  than in  p a tien ts  w ith  d if fu s e  axonal in ju ry  (Table 6.7).
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Table 6.6
R e la tio n s h ip  between d if fu s e  axona l in ju r y ,  f r a c tu re s  o f the  
s k u ll and in tra c ra n ia l haematomas.
n D iffu se  Axonal In ju ry
Present Absent 
(n=25) (n=23)
Fractures o f s k u ll 26
Haematomas (any type) 26
Haematomas (evacuated) 21
10
9
5
16
17
16
0.038
0.008
0.0006
#F isher’ s exact p ro b a b ility  te s t
Table 6.7
Cerebral contusions in  p a tie n ts  w ith  and w ith o u t d if fu s e  axonal 
in ju ry .
D iffu se  Axonal In ju ry  
Present Absent
Median TCI* 4 17
n 25 23
p = 0.0036 (Mann-Whitney te s t)  
*TCI = Tota l contusion index.
CHAPTER 7
SECONDARY BRAIN DAMAGE: RAISED INTRACRANIAL PRESSURE AND
SECONDARY LESIONS IN THE BRAIN STEM
Raised intracranial pressure
Expanding in t r a c r a n ia l  space-occupying le s io n s  w i l l  u lt im a te ly  
lea d  to  a h ig h  in t r a c r a n ia l  p ressure . T h is  has im p o rta n t 
c o m p lic a tio n s , n o ta b ly  in f a r c t io n  w ith in  p a r t ic u la r  a r te r ia l  
t e r r i t o r i e s  and haemorrhage o r  in f a r c t io n  in  the  b ra in  stem. 
These secondary e f fe c ts  a re  m ediated by s h i f t  and in te r n a l  
h e rn ia tio n  o f the bra in  (Lindenberg, 1955). T e n to ria l ("uncal" 
o r " la t e r a l  t r a n s te n to r ia l11) h e rn ia t io n  can be in fe r re d  post 
mortem from  g ro o v in g  in  the  parahippocam pal gyrus, o fte n  
associated w ith  "pressure" necrosis (Lindenberg, 1955), marking 
the  im p re ss io n  o f th e  f re e  edge o f  th e  t e n t o r ia l  membrane. 
S im ila r  n e c ro s is  o f  h e rn ia te d  t is s u e  a ls o  occurs in  sup ra - 
c a llo s a l ("sub fa lc ine ") and in  to n s i l la r  h e rn ia tion . Adams and 
Graham (1976) inves tiga ted  the re la t io n s h ip  between v e n tr ic u la r  
f l u i d  p ressure  and d i f f e r e n t  m a n ife s ta t io n s  o f  i n t e r n a l  
he rn ia tio n . Pressure necrosis in  the parahippocampal gyrus was 
found in  30 o f 34 cases shown to  have a h ig h  v e n t r ic u la r  f l u i d  
pressure (> 20 mm Hg) on continuous pressure m onitoring, and was 
th e  fe a tu re  most o fte n  a sso c ia te d  w ith  a h igh  pressure . 
P ressure  n e c ro s is  due to  t e n to r ia l  h e rn ia t io n  is  thus good 
evidence th a t in tra c ra n ia l pressure has been high during l i f e ,  
and in  the present study w i l l  provide a means o f v e r ify in g  the 
pa thogenes is  o f le s io n s  cons ide red  to  be secondary in  typ e , 
p a r t ic u la r ly  secondary le s io n s  in  th e  b ra in  stem and ( in  th e
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next ch a p te r) in f a r c t io n  in  th e  t e r r i t o r i e s  o f  p a r t ic u la r  
a r te r ie s .
P ressure n e c ro s is  in  th e  parah ippocam pal gvrus in  the  p re sen t 
se ries
P ressure  n e c ro s is  is  re p re se n te d  by a l in e a r  zone o f n e c ro s is  
o r ,  in  p a t ie n t s  o f  lo n g e r  s u r v iv a l ,  s c a r r in g  w h ic h  i s  
s u p e r f ic ia lly  located in  the cortex o f the medial aspect o f the 
parah ippocam pal gyrus (F ig s . 7.1 and 7 .2 ), and tends to  be 
wedge-shaped in  h is to lo g ic a l  s e c tio n s  (F ig . 7 .4). The le s io n  
may n o t a lw ays be v is ib le  to  the  naked eye. In  the  p resen t 
s e r ie s , p ressu re  n e c ro s is  in  one o r bo th  parahippocam pal g y r i  
was id e n t if ie d  in  28 cases (58% o f to ta l) .  The le s io n  was seen 
m a c ro s c o p ic a lly  in  16 cases and o n ly  m ic ro s c o p ic a lly  in  th e  
remaining 12 cases.
Primary fa c to rs  in  cases w ith  pressure necrosis 
Of th e  28 cases w ith  p ressure  n e c ro s is  in  the  parahippocam pal 
gyrus, an in tra c ra n ia l haematoma had been present in  17 cases. 
In  16 o f these cases th e  haematoma had been evacuated. The 
re la t io n s h ip  between pressure necrosis and haematomas in  general 
was n o t s t a t i s t i c a l l y  s ig n i f ic a n t .  P ressure n e c ro s is  was, 
however, more fre q u e n t in  cases in  w hich a haematoma had been 
evacuated than in  cases w ith o u t evacuation o f a haematoma (Table
7.1). D if fu s e  axonal in ju r y  was p resen t in  11 o f  the  28 cases, 
a lthou gh  in  3 o f  these th e re  had a ls o  been evacua tion  o f  a 
haematoma Pressure necrosis was more frequent in  the absence
49
o f d if fu s e  axonal in ju r y  than in  cases w ith  d if fu s e  axonal 
in ju r y  (Tab le  7 .1 ). C ontus ions were more severe in  cases w ith  
p re ssu re  n e c ro s is  (Tab le  7.2) than  in  cases w ith o u t  p ressure  
necrosis.
Table 7.1
R elationsh ips between pressure necrosis in  the parahippocampal 
gyrus (PHG), haematomas and d if fu s e  axonal in ju ry .
Pressure necrosis in  PHG
Present
(n=28)
Absent
(n=20)
Haematomas (any type) 
Haematomas (evacuated) 
D iffu se  axonal in ju ry
17
16
11
9
5
14
26
21
25
0.22
0.03
0.03
*  F ishe r*s  Exact P ro b a b ility  Test,
Table 7.2
Cerebral contusions in  cases w ith  and w ith o u t pressure necrosis 
in  the parahippocampal gyrus (PHG).
Pressure necrosis in  PHG
Present Absent
14 4
28 20
p = 0.02 (Mann-Whitney te s t)
*TCI = Tota l contusion index
Median TCI* 
n
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Secondary lesions in the brain stem
The d is t in c t io n  between prim ary and secondary fo ca l les ions  in  
the b ra in  stem
Previous stud ies on damage to  the b ra in  stem re s u lt in g  from head 
in ju r y  have tended to  co n ce n tra te  on fo c a l le s io n s  and have 
n e g le c te d  d i f fu s e  axonal in ju r y  (e.g. J e l l in g e r ,  1983). Even 
when a d is t in c t io n  has been made between primary and secondary 
fo ca l les ions , the re la t io n s h ip  o f the form er to  d if fu s e  axonal 
in ju ry  has not always been appreciated (e.g. Rosenblum e t a l., 
1981). M i tc h e l l  and Adams (1973), however, e s ta b lis h e d  th a t  
fo c a l le s io n s  o f p rim a ry  type  a re  a fe a tu re  a sso c ia te d  w ith  
d if fu s e  axonal in ju ry . These authors reasoned th a t i f  evidence 
o f  an e le va te d  in t r a c r a n ia l  p ressu re  was absent, then any 
s tru c tu ra l abno rm a lities  in  the b ra in  stem must be considered to  
be p r im a ry . In  a s e r ie s  o f  f a t a l  n o n -m is s ile  head in ju r ie s  
w itho u t pressure necrosis in  the parahippocampal gyrus, the only 
fo c a l le s io n s  id e n t i f ie d  in  the  b ra in  stem occu rred  in  the  
re g io n  o r one o r bo th  s u p e r io r  c e re b e lla r  peduncles and these 
were in v a r ia b ly  associated w ith  d iffu s e  axonal in ju ry .
On th e  o th e r  hand, evidence o f  ra is e d  p ressu re  does no t 
necessarily  mean th a t a le s io n  in  the b ra in  stem is  secondary, 
s ince  p ressu re  n e c ro s is  is  common in  cases o f d if fu s e  axonal 
in ju r y  (Adams e t a l . ,  1982; t h is  s tudy , Table 7.1). Tom linson 
(1970) rev iew ed p a tte rn s  o f  b ra in  stem damage in  r e la t io n  to  
pathogenesis. Apart from m u lt ip le  sm all haemorrhages associated 
w ith  in s ta n ta n e o u s  death o r very s h o r t s u rv iv a l,  Tom linson 
recogn ised  "p r im a ry  de layed" and "secondary" types. P rim ary
51
delayed damage was c h a ra c te r is e d  by th e  fe a tu re s  o f  d if fu s e  
axonal in ju ry ,  together w ith  areas o f ischaemic necrosis (w ith  
or w ith o u t associated haemorrhage) which tended to  occur in  the 
tissues  bordering the la te ra l mesencephalic sulcus, the superio r 
ce re b e lla r peduncles or the c o l l ic u l i .  Sm aller, usua lly  m icro­
scopic, le s io n s  a lso occurred more c e n tra lly  in  the upper pons, 
m id b ra in  o r d iencepha lon . In  c o n tra s t,  th e  haemorrhages, 
haem orrhag ic  in f a r c t s  o r in f a r c t s  w hich  c o n s t i tu te  secondary 
les ions  are ty p ic a lly  centred on the m id line  in  the upper pons 
a lth o u g h  o fte n  sp read ing  la t e r a l l y ,  p a r t ic u la r ly  w ith in  the 
tegmentum o f the pons and m idbrain. An exception to  th is  is  so- 
ca lle d  Kernohan notch o r "Kernohan-Woltman c re s c e n t” (Kernohan 
and W oltman, 1929), w hich is  an area o f ischaem ic  n e c ro s is  on 
the la te r a l  aspect o f the cerebra l peduncle c o n tra la te ra l to  a 
s u p ra te n to r ia l  space-occupying les ion . Tomlinson adm itted the 
p o s s ib i l i t y  th a t  h e rn ia t io n  cou ld  produce la te r a l ly - p la c e d  
le s io n s  w hich  m ig h t s im u la te  p rim a ry  le s io n s , a lthough  he 
considered th a t these must be uncommon except fo r  the Kernohan 
notch. More re c e n t ly ,  J e l l in g e r  (1983) has p o in te d  ou t th a t  
primary and secondary les ions  may not always be d is tingu ished  on 
morphological grounds.
Thus, w h ile  n e ith e r  evidence o f an e le va te d  in t r a c r a n ia l  
pressure nor m orphological c h a ra c te r is tic s  may be trus tw o rth y  in  
d e te rm in in g  w hether a le s io n  is  p rim a ry  o r secondary, th e  
presence or absence o f d if fu s e  axonal in ju ry  would appear to  be 
a m a jo r fa c to r  in  th e  in te r p r e ta t io n  o f  fo c a l le s io n s  in  th e  
bra in  stem. M itc h e ll and Adams (1973) went as fa r  as to  suggest
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th a t prim ary damage lo ca lise d  to  the b ra in  stem does not e x is t, 
a lth ou g h  t h is  v iew  may have been tempered in  the  l i g h t  o f a t 
le a s t one type o f fo ca l le s io n  known to  occur in  the absence o f 
d if fu s e  axonal in ju ry :  the traum a tic  ponto-m edullary ’’te a r1’ or
’’avu ls ion ” , a ttr ib u te d  to  hyper extension o f the head, is  usua lly  
ra p id ly  fa ta l  (Lindenberg and Freytag, 1970; Leestma, K a le lka r 
and Teas, 1983) a lth o u g h  ra re  s u rv iv a ls  o f  up to  26 days have 
now been recorded ( P i lz ,  S troh ecke r and Grobovschek, 1982; 
P i lz ,  1983a).
In  th e  p re sen t study fo c a l le s io n s  in  th e  b ra in  stem were 
c la s s if ie d  as primary or secondary by tak ing  in to  account th e ir  
re la t io n s h ip  w ith  d if fu s e  axonal in ju ry  and th e ir  morphological 
c h a r a c te r is t ic s .  Thus, fo c a l le s io n s  in  cases w ith  d if fu s e  
axonal in ju ry  were regarded as being prim ary (provided th a t they 
were located in  one or both d o rso la te ra l quadrants), and fo ca l 
les io ns  in  cases w itho u t d if fu s e  axonal in ju ry  (apart from any 
examples o f  the  p o n to -m e d u lla ry  te a r )  were assumed to  be 
secondary in  o r ig in .  These assum ptions w i l l  be te s te d  by 
a n a ly s in g  and com paring th e  r e la t io n s h ip  o f  p rim a ry  and 
secondary les ions  to  evidence o f a ra ised in tra c ra n ia l pressure.
Focal bra in-stem  les ions in  the present se ries  
D iffu se  axonal in ju ry  was present in  25 cases in  the series. In  
17 o f these , th e re  were fo c a l le s io n s  in  the  b ra in  stem, a l l  
s itu a te d  in  th e  d o rs o la te ra l quad ran t(s ) in  th e  re g io n  o f  the  
superio r ce re be lla r peduncles. These were regarded as primary 
les io ns  cons is ten t w ith  the diagnosis o f d if fu s e  axonal in ju ry .
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Focal bra in-stem  les ions  associated w ith  d if fu s e  axonal in ju ry  
have been analysed in  Chapter 6 (p.37).
D if fu s e  axonal in ju r y  was n o t p re se n t in  th e  re m a in ing  23 
cases. In  14 o f these th e re  were fo c a l le s io n s  in  the  b ra in  
stem. The p a tte rn , e x te n t and d is t r ib u t io n  o f these are  
summarised in  Table 7.3. The cases could be c la s s if ie d  in to  two 
main groups according to  whether the main les io n s  were v is ib le  
m a c ro s c o p ic a lly  (8 cases) o r m ic ro s c o p ic a lly  o n ly  (6 cases). 
The macroscopic le s io n s  ranged in  type from a haematoma ( in  one 
case on ly -  F ig. 7.5) to  c y s tic  o r shrunken in fa rc ts  (Figs. 7.3 
and 7.6). The m acroscop ic le s io n s  in  p a r t ic u la r  were more o r 
le s s  e x te n s iv e  le s io n s  in v o lv in g  d i f f e r e n t  p a r ts  o f the  b ra in  
stem but inc lud ing  the tegmentum o f the m idbrain and or pons in  
7 o f  th e  8 cases. In  th e  re m a in in g  case (no . 37) th e  
m acroscop ic le s io n ,  a Kernohan no tch , was co n fin e d  to  th e  
cerebra l peduncle although there  was a lso a separate m icroscopic 
le s io n  in  th e  b a s is  p o n tis . Kernohan notches (F ig . 7.6) were 
present in  a to ta l  o f th ree cases.
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R e la tio n s h ip  b e tween fo c a l le s io n s  in  the  b ra in  s te m and 
evidence o f a high in tra c ra n ia l pressure
Cases w ith  and w ith o u t d if fu s e  axonal in ju ry  have been tabulated 
separate ly w ith  respect to  fo ca l les ions  in  the b ra in  stem and 
evidence o f a high in tra c ra n ia l pressure in  the form o f pressure 
n e c ro s is  in  th e  parahippocam pal gyrus (Tab les 7.4 and 7.5). 
O v e ra ll,  th e re  was no re la t io n s h ip  between fo c a l le s io n s  o f 
primary type and pressure necrosis. On the o ther hand, pressure 
necrosis was present in  a l l  cases w ith  secondary les ions  in  the 
b ra in  stem, and the re la t io n s h ip  between pressure necrosis and 
secondary le s io n s  in  th e  b ra in  stem was s t a t i s t i c a l l y  h ig h ly  
s ig n if ic a n t .
Table 7.4
R elationsh ip  between primary fo ca l les ions  in  the b ra in  stem and 
pressure necrosis in  the parahippocampal gyrus (PHG) in  25 cases 
w ith  d if fu s e  axonal in ju ry .
Pressure Necrosis 
(PHG)
Present Absent To ta l
Present 8 10 18
Focal brain-stern 
le s io n  (prim ary)
Absent 3 7
Tota l 11 14 25
p = 0.65 (F ish e r’ s Exact P ro b a b ility  Test)
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Table 7.5
R ela tionsh ip  between secondary fo ca l les ions  in  the b ra in  stem 
and pressure necrosis in  the parahippocampal gyrus (PHG) in  23 
cases w ith o u t d if fu s e  axonal in ju ry
Pressure Necrosis 
(PHG)
Present Absent To ta l
Present 14 0 14
Focal brain-stern 
le s io n  (secondary)
Absent 3 6 9
T o ta l 17 6 23
p = 0.0008 (F ish e r’ s Exact P ro b a b ility  Test)
CHAPTER 8
SECONDARY BRAIN DAMAGE: HYPOXIC AND ISCHAEMIC BRAIN DAMAGE; 
INTRACRANIAL INFECTION
Hypoxic and ischaemic brain damage
B ra in  damage due to  hypoxia  o r ischaem ia  was common, be ing 
p re sen t in  27 cases (56% o f s e r ie s ) .  The le s io n s  a re  analysed 
below a cco rd in g  to  p a th o g e n e tic  type  (d i f fu s e  hypox ic  b ra in  
damage; is c h a e m ic  damage in  a r t e r i a l  bounda ry  zones; 
in fa rc t io n  w ith in  a r te r ia l  te r r i t o r ie s ;  and, in fa rc t io n  in  the 
re g io n  o f th e  basa l g a n g lia ) . The r e s u lt s  a re  summarised in  
Tab le  8.1. The r e la t io n s h ip  between a h igh  in t r a c r a n ia l  
pressure and the d if fe re n t  types o f hypoxic and ischaemic damage 
w i l l  be examined.
D iffu se  hypoxic b ra in  damage (Table 8 .1 )
There was d if fu s e  hypox ic  b ra in  damage in  2 cases (4% o f 
s e r ie s ) .  In  one o f these (case 23), neurona l lo s s  was a lm o s t 
t o t a l  in  the  o c c ip i t a l  lobes b u t more a n te r io r ly  tended to  be 
r e s t r ic te d  to  s u lc i .  There was patchy neurona l lo s s  in  the  
corpus s tria tum . Hypoxic damage in  the cerebellum was confined 
to  th e  boundary zones between th e  t e r r i t o r ie s  su p p lie d  by the  
superio r and p o s te rio r in fe r io r  ce re be lla r a rte r ie s .
In  th e  o th e r  (case 42 -  F ig . 8 .1 ), damage was more severe. 
Neuronal loss  was v i r tu a l ly  to ta l  in  the o c c ip ita l lobes. More 
a n te r io r ly ,  neuronal loss  had a lam inar d is t r ib u t io n  (Fig. 8.2) 
but was asymmetrical and in  the r ig h t  cerebra l hemisphere tended
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Table 8.1 (cont.) Abbreviations used in table
AM Amygdaloid nucleus
ACA A n te rio r cerebra l a rte ry
A/MCA Boundary zone between t e r r i t o r ie s  o f ACA and MCA
AT A r te r ia l te r r i to r y
B B ila te ra l
BG Basal gang lia  ( in c lu d in g  diencephelon)
CN Caudate nucleus
Cb Cerebellum
CH Cerebral hemispheres
GP Globus p a llid u s
HTh Hypothalamus
IC In te rn a l capsule
L L e ft
LGB L a te ra l gen icu la te  body
MB M am illary bodies
MCA Middle cerebra l a rte ry
M/PCA Boundary zone between te r r i t o r ie s  o f MCA and PCA
OT Optic t ra c t
P Putamen
PICA P o ste rio r in fe r io r  ce re b e lla r a rte ry
R Right
SCA Superior ce re b e lla r a rte ry
SN Substantia n igra
S/PICA Boundary zone between te r r i t o r ie s  o f SCA and PICA
Th Thalamus
to  be co n fin e d  to  s u lc i .  There was t o t a l  neurona l lo s s  in  th e  
tha lam us. In  the  ce rebe llu m  neurona l lo s s  was patchy on the  
l e f t  s ide  and t o t a l  on th e  r ig h t  s id e  (F ig . 8 .1 ). In  t h is  case 
th e re  was a ls o  m ic ro s c o p ic  evidence o f  p re v io u s  t e n to r ia l  
h e rn ia t io n ,  w ith  in fa r c t io n  in  th e  t e r r i t o r y  o f  th e  p o s te r io r  
cerebra l a rte ry  on the r ig h t  side (Fig. 8.1) and sm all in fa rc ts  
in  the tegmentum o f the m idbrain.
Ischaemic b ra in  damage in  a r te r ia l  boundary zones ( Table 8 .1 ) 
Ischaemic damage was present in  boundary zones between a r te r ia l  
t e r r i t o r ie s  in  5 cases (10% o f se ries) (Fig. 8.3). The boundary 
zone between the te r r i to r ie s  o f the a n te r io r  and m iddle cerebra l
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a r te r ie s  was in v o lv e d  in  a l l  5 cases ( b i la t e r a l  in  4). There 
was concomitant involvement o f o ther boundary zones (between the
t e r r i t o r i e s  o f th e  m idd le  and p o s te r io r  c e re b ra l a r te r ie s ,  o r 
the  s u p e r io r  and p o s te r io r  i n f e r io r  c e re b e lla r  a r te r ie s )  in  4 
cases. The le s io n s  took  th e  fo rm  o f in f a r c t io n  in  3 cases and 
m u lt ifo c a l neuronal loss  in  2 cases. An in te re s t in g  f in d in g  was 
the presence o f sub to ta l d if fu s e  neuronal loss  in  the thalamus 
in  4 o f  th e  5 cases.
In fa rc t io n  w ith in  a r te r ia l  te r r i t o r ie s  (Table 8 .1 )
In fa r c t io n  w i t h in  th e  t e r r i t o r i e s  o f  the  p r in c ip a l  a r te r ie s  
su p p ly in g  th e  c e re b ra l hem ispheres o r ce re be llum  (a n te r io r ,  
m iddle and p o s te rio r cerebra l a r te r ie s ; superio r and p o s te rio r 
in f e r io r  c e re b e lla r  a r te r ie s )  was p re sen t in  17 cases (35% o f 
series). There was involvement o f a s ing le  te r r i to r y  only in  7 
cases and more than one t e r r i t o r y  in  10 cases. The a r te r ie s  
concerned w ere: the  p o s te r io r  c e re b ra l a r te r y  in  12 cases
(Figs. 7.2 and 8.1); the superio r ce re b e lla r a rte ry  in  6 cases; 
th e  m idd le  c e re b ra l a r te ry  in  5 cases (F ig . 8 .4 ) and the  
a n te r io r  cerebra l a rte ry  in  2 cases. There were no cases w ith  
in fa r c t io n  in v o lv in g  the  t e r r i t o r y  o f the  p o s te r io r  in f e r io r  
c e re b e lla r  a rte ry .
Apart from d iffe rences  in  te r r i t o r ie s  involved, there  were 
w ide  v a r ia t io n s  between cases in  th e  e x te n t o f  in fa r c t io n ,  
ra ng ing  from  s m a ll in f a r c t s  co n fin e d  to  a s in g le  su lcu s , o r 
m u lt ip le  sm a ll in f a r c ts ,  to  la rg e  le s io n s  c o m p ris in g  e n t i r e  
a r te r ia l  te r r i to r ie s .
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In fa rc t io n  in  the region o f the basal ganglia (Table 8 .1 ) 
In fa r c t s  s itu a te d  deeply w ith in  the  c e re b ra l hem ispheres, 
in vo lv in g  the basal ganglia , in te rn a l capsules o r diencephalon, 
were p re se n t in  14 cases (2955 o f s e r ie s ) .  Only le s io n s  w hich 
were v is ib le  m acroscopically have been included in  th is  to ta l.  
Small haemorrhagic les ions  form ing p a rt o f a more generalised 
d i f fu s e  v a s c u la r in ju r y  o f  the  type  a sso c ia te d  w ith  d if fu s e  
axona l in ju r y  (p. 40) have been excluded.
There was in fa r c t io n  in v o lv in g  th e  g lobus p a ll id u s  in  10 
cases ( b i la t e r a l  in  5) (F ig . 7.2a), the  tha lam us in  7 cases 
( b i la t e r a l  in  1) (F ig . 7.2b) and th e  hypothalam us in  5 cases 
( a l l  u n i la te r a l)  (F ig . 7.2a). In fa r c t s  in v o lv e d  th e  in te rn a l 
capsu le  in  9 cases ( b i la t e r a l  in  4) (F ig s . 8.5 and 9.2). In  two 
cases w ith  d if fu s e  axonal in ju ry  (Nos. 3 and 40), there  was what 
appeared to  have been u n i la te r a l  haem orrhagic in f a r c t io n  
in v o lv in g  the head o f the caudate nucleus, the in te rn a l capsule 
and the putamen (Fig. 6.11). There was d if fu s e  axonal in ju ry  in  
both cases and i t  is  possib le  th a t these "capsular” in fa rc ts  are 
another m an ifes ta tion  o f vascular damage associated w ith  d if fu s e  
a x o n a l i n ju r y .  O th e r s i t e s  le s s  f r e q u e n t ly  in v o lv e d  by 
in fa rc t io n  are included in  Table 8.1.
R e la tio n s h ip  b e tween hypox ic  and ischaem ic  b ra in  damage and 
a high in tra c ra n ia l pressure (Table 8.2)
In  the m a jo r ity  o f cases w ith  hypoxic or ischaemic b ra in  damage, 
th e re  had been a h igh  in t r a c r a n ia l  p ressure  acco rd in g  to  th e  
c r i t e r io n  o f  p ressure  n e c ro s is  in  one o r both  parahippocam pal
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g y r i. The associa tion  w ith  pressure necrosis was s ta t is t ic a l ly  
s ig n i f ic a n t  f o r  in f a r c t io n  in  the  t e r r i t o r y  o f th e  p o s te r io r  
c e re b ra l a r te ry ,  and f o r  in f a r c t io n  in v o lv in g  th e  g lobus 
p a llid u s , the thalamus and the in te rn a l capsule. When any type 
o f hypoxic o r ischaemic b ra in  damage, o r any a r te r ia l  te r r i to r y  
in f a r c t ,  o r any in f a r c t  in  th e  re g io n  o f the  basa l g a n g lia  was 
present, there  was a strong assoc ia tion  w ith  pressure necrosis.
T ab le  8 .2
R ela tionsh ip  between d if fe re n t  types o f hypoxic/ischaem ic bra in  
damage and pressure necrosis in  the parahippocampal gyrus (PHG). 
Abbrevia tions as in  Table 8.1 (p .60).
Type o f Hypoxic/ Pressure necrosis in  PHG n P*
Ischaemic damage
Present 
(28 cases)
Absent 
(20 cases)
A r te r ia l  T e rr ito ry
ACA 2 0 2 0.3
MCA 4 1 5 0.3
PCA 12 0 12 0.0004
SCA 5 1 6 0.2
Any AT 15 2 17 0.002
” Basal' Ganglia"
GP 9 1 10 0.02
Th 7 0 7 0.02
HTh 4 1 5 0.3
IC 9 0 9 0.004
Any s ite 13 1 14 0.002
Boundary Zone 4 1 5 0.3
D iffu se 1 1 2 0.8
Anv Type 22 5 27 0.0003
*F ishe r’ s Exact P ro b a b ility  Test
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Intracranial infection
There was c l i n i c a l  o r p a th o lo g ic a l evidence o f in t r a c r a n ia l  
in fe c t io n  in  fo u r  p a t ie n ts .  In  tw o o f  these  acu te  p u ru le n t 
m e n in g it is  had been recogn ised  and tre a te d . A t autopsy th e re  
appeared to  have been complete re s o lu tio n  w ith o u t any res idua l 
m e n in g itis  or meningeal th icken ing . In  the th ird  case (No. 10) 
an ex tradura l/subdura l empyema had formed a f te r  a craniotomy fo r  
e vacua tion  o f  a b u rs t  tem po ra l lobe . The empyema was d ra ined  
but the p a tie n t subsequently developed hydrocephalus which was 
tre a te d  w ith  a v e n t r ic u lo - p e r i to n e a l shunt. When the p a tie n t 
died 54 days a f te r  h is  in ju ry , d isse c tio n  o f the b ra in  showed a 
sm all abscess w ith in  the l e f t  temporal lobe which extended up to  
the  w a l l  o f  th e  te m p o ra l horn o f the  la t e r a l  v e n t r ic le  (F ig .
5 .1 ). H is to lo g ic a l ly ,  th e re  was a subacute v e n t r i c u l i t i s .  In  
the fo u rth  case (No. 32), post-mortem examination 140 days a fte r  
in ju r y  revea led  a s m a ll abscess in  th e  l e f t  f r o n ta l  lobe  (F ig . 
8.6) w ith o u t any c l in ic a l  h is to ry  o f in tra c ra n ia l in fe c tio n . A 
c ran io tom y had been perfo rm ed f o r  e vacua tio n  o f  a b u rs t l e f t  
temporal lobe.
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CHAPTER 9
CLINICO-PATHOLOGICAL CORRELATION
The p r in c ip a l  le s io n s  and th e  c l i n i c a l  outcomes in  every case 
are l is te d  in  Table 9.1. As id e n t if ie d  in  the foregoing survey, 
there  was contusional damage in  43 cases, hypoxic or ischaemic 
damage in  27 cases, d i f fu s e  axona l in ju r y  in  25 cases, and 
secondary les ions  in  the b ra in  stem in  14 cases. The number o f 
cases w ith  each o f these les ions  in  each outcome group is  shown 
in  Table 9.2. Contusions were present in  a l l  or nearly a l l  the 
cases in  each outcome group, but the o ther les ions  va ried  more 
in  frequency . Thus, e xc lu d in g  cases w ith  a poor outcome 
(u n s p e c if ie d ) , d i f fu s e  axonal in ju r y  was p re sen t in  15 o f  22 
cases (68%) in  a v e g e ta tiv e  s ta te ,  bu t in  o n ly  2 o f  6 cases 
(33%) o f prolonged coma; hypoxic or ischaemic damage ranged in  
frequency from 4 o f 6 cases (67%) o f prolonged coma, to  11 o f 22 
cases (50%) in  a vegeta tive  s ta te ; and secondary les ions  in  the 
b ra in  stem were found in  4 o f 6 cases (67%) o f  p ro longed coma, 
but in  on ly 5 o f 22 cases (23%) in  a vegeta tive  sta te .
The d i s t r i b u t i o n  o f  th e  d i f f e r e n t  outcomes found in  
assoc ia tion  w ith  d if fu s e  axonal in ju ry , cerebra l contusions or 
hypoxic/ischaem ic damage broadly re fle c te d  the d is t r ib u t io n  o f 
these outcomes in  the  s e r ie s  as a w hole , b u t a r e la t iv e ly  h igh  
p ro p o r t io n  o f  cases w ith  a secondary le s io n  in  th e  b ra in  stem 
were in  prolonged coma (Table 9 .2 ).
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Table 9.1 P rin c ip a l les ions  and c l in ic a l  outcome in  a l l  48 
cases (Abbrevia tions o ve rle a f) .
Case No. DAI Contusions
(Grade) (S eve rity )
1 3 Mod
2 3 Sev
3 3 M ild
4 Mod
5 Mod
6 Mod
7 2 Mod
8 Mod
9 3 M ild
10 3 Mod
11 2 M ild
12 3
13 3 M ild
14 Sev
15 Sev
16 Sev
17
18 Mod
19 Mod
20 3 M ild
21 M ild
22 3 Mod
23
24 Mod
25 Mod
26 3
27 3 M ild
28 Sev
29 1 Mod
30 Mod
31 Mod
32 2 Sev
33 M ild
34 2 Mod
35 2 Mod
36 3
37 Mod
38 3 M ild
39 Sev
40 3 M ild
41 3 Mod
42 Mod
43 Mod
44 3 M ild
45 Sev
46 3 Mod
47 2 M ild
48 3 M ild
Tota ls 25 43
H .I.B .D . S.B.S.L. Outcome
(Type) (Extent)
BG
P0(U)
PC
VS
BZ + BG m PC
AT + BG M PC
AT + BG M PC
AT SD
AT M PC
AT VS
AT
PC
SD
VS
VS
AT m SD
BG M VS
BG SD
BG SD
AT + BG M VS
m SD
BZ
VS
SD
D i f f
VS
P0(U)
BZ VS
BZ+AT+BG m VS
AT m
VS
VS
SD
BZ M
VS
VS
AT SD
BG SD
AT+BG m SD
AT+BG M
SD
VS
SD
P0(U)
AT+BG
VS
VS
P0(U)
AT VS
Diff+AT+BG M VS
AT
SD
VS
SD
VS
SD
VS
27 14
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Table 9.1 (con tinued). Abbrevia tions used in  ta b le .
AT In fa rc t io n  in  a r te r ia l  t e r r i t o r y
BG In fa rc t io n  in  region o f basal gang lia  (as defined on p .62)
BZ In fa rc t io n  in  d is t r ib u t io n  o f a r te r ia l  boundary zone
DAI D iffu se  axonal in ju ry
D if f D iffu se  hypoxic b ra in  damage
HIBD Hypoxic/ischaemic b ra in  damage
m Microscopic secondary le s io n  in  the b ra in  stem
M Macroscopic secondary le s io n  in  the b ra in  stem
Mod Moderate contusional damage
PC Prolonged coma
PO(U) Poor outcome (unspec ified)
SBSL Secondary le s io n  in  the b ra in  stem
SD Severe d is a b i l i t y
Sev Severe contusional damage
VS Vegetative s ta te
Table 9 .2
Occurrence o f les ion s  according to  c l in ic a l  outcome. 
(Abbrevia tions as in  Table 9 .1 ).
Lesion Outcome
V.S.
(n=22)
P.C.
(n=6)
S.D.
(n=l6)
P.O(U)
(n=4) n
D .A .I. 15 2 6 2 25
Contusions 20 6 14 3 43
H .I.B .D . 11 4 9 3 27
S. B. S. L. 5 4 4 1 14
The ana lys is  in  th is  section  has simply d e a lt w ith  types o f 
le s io n  in  is o la t io n  and has not taken in to  account e ith e r  the 
combinations o f les ion s  present in  in d iv id u a l cases or 
d iffe rences  in  the seve rity  o f les io n s . These fa c to rs  are 
examined below.
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Combinations of lesions
I t  is  c le a r  from  Tab les 9.1 and 9*2 th a t  more than one type o f 
le s io n  was p re sen t in  th e  m a jo r i ty  o f  cases. T h is  is  more 
e a s ily  appreciated when the data are expressed in  the form o f a 
Venn diagram  (F ig . 9.1). More than one type  o f le s io n  was 
present in  40 cases (83% o f se rie s ). Only in  8 cases was there 
a s in g le  type  o f  le s io n ,  w he the r as d if fu s e  axona l in ju r y  (3 
cases), or hypoxic/ischaem ic damage (2 cases), or contusions (3 
cases). There were no cases in  which a secondary le s io n  in  the 
b ra in  stem was th e  on ly  f in d in g :  o th e r le s io n s  were a lw ays
p re se n t, s p e c i f ic a l ly  c e re b ra l co n tu s io n s  and a ls o , in  every 
case but one, hypoxic o r ischaemic damage.
Thus th e  Venn diagram  (F ig . 9.1) emphasises th e  h e te ro ­
geneity o f the se ries  and the m u lt ip l ic i t y  o f the les io n s  in  the 
m a jo r ity  o f cases. Even when more than one type o f le s io n  was 
present, however, they may not a l l  have con tribu ted  equally  or 
even s ig n if ic a n t ly  to  the eventual outcome. The more d e ta iled  
ana lys is  below attem pts to  id e n t ify  those les ions  o f p a r t ic u la r  
importance.
The most important lesions
D iffu se  axonal in  iu rv
Of th e  25 cases w ith  d if fu s e  axonal in ju r y ,  t h is  was th e  on ly  
le s io n  p re sen t in  3 cases. In  a l l  o f the  o th e r  22 cases, th e re  
were c e re b ra l co n tu s io n s , and in  8 o f  these  th e re  was a ls o  
a d d itio n a l ischaemic damage. The contusions were graded as m ild  
in  11 cases, m oderate in  9 cases, and severe in  2 cases. The
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hypoxic/ischaem ic damage took the form o f in fa rc ts  in  a l l  cases 
and these involved a major a r te r ia l  t e r r i to r y  in  5 cases, the 
reg ion o f the basal gang lia  in  2 cases, and both a major 
a r te r ia l  t e r r i t o r y  and the reg ion o f the basal ganglia  in  1 
case.
Thus the les io n s  accompanying d if fu s e  axonal in ju ry  were 
e s s e n tia lly  fo c a l. Contusions when present were m ild  in  h a lf  
the cases. A p r io r i  i t  is  l ik e ly  th a t these o ther les ions  were 
re la t iv e ly  unimportant in  the context o f d if fu s e  axonal in ju ry .  
I f  th is  assunption is  co rre c t, then the outcome in  cases w ith  
d if fu s e  axonal in ju ry  ought to  be re la ted  to  the grade o f 
d if fu s e  axonal in ju ry  (p. 38). The re la t io n s h ip  between the
outcome and the grade o f d if fu s e  axonal in ju ry  is  shown in  Table 
9 .3 . There were 23 cases o f d if fu s e  axonal in ju ry  in  which the
Table 9.3
R ela tionsh ip  between c l in ic a l  outcome and grade o f d if fu s e  
axonal in ju ry  (excluding cases o f poor outcome (u n sp e c ifie d )).
Outcome Grade o f D iffu se  Axonal In ju ry  Tota l
1 2 3
Vegetative State 1 1 13 15
Prolonged Ccma 0 0 2 2
Severe D is a b ili ty 0 5 1 6
Tota l 1 6 16 23
X2 = 14.03 0.01 > p > 0.001
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Fig. 9.1
Venn diagram  showing in te r - r e la t io n s h ip s  between p r in c ip a l  
les io ns  in  a l l  48 cases.
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Table 9.4
R ela tionsh ip  between c l in ic a l  outcome and exten t o f secondary 
brain-stern le s io n , excluding cases w ith  d iffu s e  or boundary- 
zone hypoxic b ra in  damage.
Outcome Secondary B ra in  Stem Lesion Tota l
M icroscopic Macroscopic
Vegetative S tate 0 2 2
Prolonged Coma 0 3 3
Severe D is a b il i ty  4 0 4
To ta l 4 5 9
X2 = 8.98 0.02 > p > 0.01
in  the b ra in  stem. While they may have con tribu ted  to  
d is a b i l i t y ,  they were t r i v i a l  les ions  which were probably 
r e la t iv e ly  unim portant. There were no cases in  which these were 
the only type o f le s io n  o r could have co n s titu te d  the sole cause 
o f severe d is a b i l i t y .
Hypoxic or ischaemic b ra in  damage
There were 27 cases w ith  hypoxic o r ischaemic b ra in  damage. I f  
8 cases w ith  d if fu s e  axonal in ju ry  and 8 cases w ith  a macro­
scopic secondary brain-stern les io n  are excluded, then 11 cases 
remain. The outcome was known in  10 o f these, and appeared to  
be re la ted  to  the main type o f hypoxic or ischaemic damage 
present (Table 9 .5 ). Three o f 4 cases w ith  d iffu s e  or boundary- 
zone hypoxic damage were in  a vegeta tive  s ta te  or prolonged 
coma, but a l l  6 p a tien ts  w ith  in fa rc t io n  in vo lv in g  a r te r ia l  
t e r r i t o r ie s  or the region o f the basal ganglia were severely 
d isabled.
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Table 9.5
R ela tionsh ip  between outcome and main type o f hypoxic/ischaemic 
b ra in  damage, excluding cases w ith  d if fu s e  axonal in ju ry  or 
macroscopic secondary les io n s  in  the b ra in  stem. Abbrevia tions 
as in  Table 9.1 (p .67).
Outcome Main type o f H .I.B .D . 
D iff/B Z  AT/BG
Tota l
Vegetative s ta te  
Prolonged coma 
Severe d is a b i l i t y  
To ta l
2
1
7
10
X 2 = 6.5 0.05 > p > 0.02
Cerebral contusions
Thus fa r ,  the outcome in  the m a jo rity  o f cases, o r a t le a s t 
whether a p a tie n t was vegeta tive  or comatose ra th e r than 
severely d isabled, would appear to  have been determined by the 
grade o f d if fu s e  axonal in ju ry ,  the type o f hypoxic/ischaemic 
damage or the extent o f a secondary les io n  in  the b ra in  stem, 
suggesting th a t contusions were re la t iv e ly  unimportant. In  
Table 9 .6 , the median to ta l contusion ind ices (TCI) are compared 
between each outcome group, in  cases w ith  d if fu s e  axonal in ju ry , 
cases w ith  hypoxic/ischaemic damage or secondary brain-stern 
le s io n s , and cases w ith  cerebra l contusions on ly . In  cases w ith  
d if fu s e  axonal in ju ry  the median TCI in  vegeta tive  p a tie n ts  was 
only 4 as compared w ith  16.5 fo r  severely d isabled pa tien ts . 
For cases w ith  hypoxic/ischaemic damage or secondary les ions  in
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Table 9.6
C om parison  o f  m ed ian  t o t a l  c o n tu s io n  in d ic e s  (range in  
parentheses) between each outcome group in  cases w ith  d if fu s e  
axonal in ju r y ,  cases w ith  hypox ic /ischaem ic  b ra in  damage, and 
cases w ith  co n tu s io n s  o n ly . A b b re v ia tio n s  as in  Table 9.1 
(p .6 7 ).
V PC SD
DAI 4 (3-14)
n = 13
20.5 (15-26) 
n = 2
16.5 (1-35) 
n = 5
HIBD/SBSL 15.5 (7-30) 18.5 (12-24) 1
n = 6 n = 4  n = 1
Contusions 48 -  26.5 (21-32)
only n = 1 n = 2
the b ra in  stem, the median TCI was s im ila r  fo r  a l l  th ree  outcome 
groups, sugges ting  th a t  the  s e v e r ity  o f  co n tu s io n s  d id  no t 
account fo r  the d iffe re nces  in  outcome. There were 3 cases in  
which contusions were the only les io ns  id e n t if ie d .  Two o f these 
cases (median TCI = 26.5) were severely d isabled, but the th ird  
case was v e g e ta tiv e  w ith  a TCI o f  48, th e  h ig h e s t equal TCI 
recorded in  the series. The o ther case in  the se ries  w ith  a TCI 
o f 48 ( in  a d d it io n  to  in fa r c t s  in  th e  re g io n  o f th e  basal 
g a n g lia )  was se ve re ly  d isa b le d . In  g e n e ra l, th e  le a s t  severe 
contusions were found in  vegeta tive  p a tien ts  w ith  d iffu s e  axonal 
in ju ry .
Conclusions
Based on th e  Venn diagram in  F ig . 9.1, and assuming th a t
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co n tu s io n s  were r e la t iv e ly  u n im p o rta n t, f i v e  main le s io n s  o r 
co m b in a tio ns  o f  le s io n s  have been id e n t i f ie d .  These a re : 
d if fu s e  axonal in ju ry  (25 cases); hypoxic/ischaem ic damage (6 
cases); h y p o x ic /is c h a e m ic  damage to g e th e r  w ith  a secondary 
le s io n  in  th e  b ra in  stem (13 cases); co n tu s io n s  w ith  a 
secondary le s io n  in  the  b ra in  stem (1 case); and, co n tu s io n s  
alone (3 cases). The d if fe re n t  outcomes have been broken down 
acco rd in g  to  these c a te g o r ie s  in  Tab le  9.7. D if fu s e  axona l 
in ju r y  emerges as th e  most fre q u e n t cause o f the  v e g e ta tiv e  
s ta te  (15 o f  22 cases), and as a common cause o f  severe 
d is a b i l i ty  (6 o f 16 cases). The combination o f hypoxic/ 
ischaem ic  damage and a secondary le s io n  in  the  b ra in  stem was 
the  most fre q u e n t f in d in g  in  cases o f p ro longed coma (4 o f  6 
cases).
Table 9.7
Outcome re la ted  to  most im portant pa tho log ica l fin d in g s .
Abbrevia tions as in  Table 9.1 (p .67).
V PC SD PO(U) To ta l
DAI 15 2 6 2 25
HIBD 1 0 4 1 6
HIBD + SBSL 5 4 3 1 13
Contusions + 
SBSL
0 0 1 0 1
Contusions 1 0 2 0 3
Tota l 22 6 16 4 48
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Table 9-8
Outcome re la te d  to  most im p o rta n t p a th o lo g ic a l f in d in g s ,  
e x c lu d in g  m ic ro s c o p ic  secondary le s io n s  in  the  b ra in  stem. 
A b b re v ia tio n s  as in  Tab le  9-1 (pi>7).
V PC SD PO(U) Tota:
DAI 15 2 6 2 25
HIBD 2 1 7 1 11
Macroscopic 
SBSL + HIBD
4 3 0 1 8
Contusions 1 0 3 0 4
To ta l 22 6 16 4 48
I f  i t  is  assumed th a t m icroscopic secondary les io ns  in  the b ra in  
stem were a lso  r e la t iv e ly  u n im p o rta n t, then the  number o f 
c a te g o r ie s  can be reduced to  fo u r  (Tab le  9 .8 ): d i f fu s e  axonal
in ju r y  (25 cases); h y p o x ic /is c h a e m ic  damage (11 cases); 
hypoxic/ischaem ic damage together w ith  a macroscopic secondary 
le s io n  in  the  b ra in  stem (8 cases); and, co n tu s io n s  (4 cases). 
When m ic ro sco p ic  secondary le s io n s  in  th e  b ra in  stem are 
excluded, hypoxic /ischaem ic damage becomes th e  most fre q u e n t 
f in d in g  in  cases o f severe d is a b i l i t y  (Table 9.7).
The les ions  p a r t ic u la r ly  associated w ith  a vegeta tive  s ta te  
or prolonged coma were grade 3 d if fu s e  axonal in ju ry , d if fu s e  or 
boundary-zone hypoxic b ra in  damage, and a macroscopic secondary 
le s io n  in  th e  b ra in  stem. Together these accounted f o r  24 o f 
the 28 cases in  a vegeta tive  s ta te  or prolonged coma.
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Relationship between lucid interval and pathological findings
The re la t io n s h ip  between a com ple te  or p a r t ia l lu c id  in te rv a l 
and the most im portan t pa tho log ica l f in d in g s  is  shown in  Table
9.9. For s im p lic ity ,  cases w ith  hypoxic/ischaem ic damage or a 
secondary le s io n  in  the bra in  stem (macroscopic or m icroscopic) 
have been grouped together as having secondary les ions. None o f 
th e  25 cases w ith  d if fu s e  axona l in ju r y ,  b u t 1 o f  3 cases w ith  
c o n tu s io n s  and 8 o f  20 cases  w i t h  a se cond a ry  le s io n ,  
experienced a lu c id  in te rv a l.
Table 9.9
R ela tionsh ip  between a lu c id  in te rv a l (complete o r p a r t ia l)  and 
the most im portant pa tho log ica l f in d in g s  in  each case.
Main le s io n  Lucid In te rv a l Tota l
Present Absent
D iffu se  axonal in ju ry 0 25 25
Contusions only 1 2 3
Secondary les ions* 8 12 20
Tota l 9 39 48
x 2 = 12.13 0.01 > p > 0.001
*Hypoxic/ischaemic b ra in  damage or secondary le s io n  in  the b ra in  
stem (macroscopic o r m icroscop ic).
Relationship between evacuation of an intracranial haematoma and 
pathological findings
The re la t io n s h ip  between evacuation o f an in tra c ra n ia l haematoma 
and the most im portant pa tho log ica l f in d in g s  is  shown in  Table
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9 .10 . A g a in , cases w i t h  se co nd a ry  le s io n s  such as 
hypoxic/ischaem ic damage and secondary brain-stern les ion s  have 
been grouped together. Evacuation o f a haematoma had been most 
frequent in  the cases in  which a secondary le s io n  was the main 
le s io n  p re sen t, hav ing  been perform ed in  14 o f th e  20 cases 
(70%), and was almost as frequent in  the cases w ith  contusions 
(60%). Evacuation o f a haematoma had been le a s t common in  the 
cases w ith  d if fu s e  axonal in ju ry , having occurred in  only 5 o f 
th e  2? cases (20%).
Table 9.10
R ela tionsh ip  between evacuation o f an in tra c ra n ia l haematoma and 
the most im portant pa tho log ica l f in d in g s  in  each case.
Main Lesion Evacuation o f a Haematoma Tota l
Yes No
D iffu se  axonal in ju ry 5 20 25
Contusions 2 1 3
Secondary le s io n * 14 6 20
Tota l 21 27 48
X2 = 11.98 0.01 > p > 0.001
*Hypoxic/ischaemic damage or secondary les ion s  in  the b ra in  stem 
(macroscopic or m icroscopic).
A possible case of post-traumatic locked-in syndrome
The term Mlocked-in  syndrome” (Plum and Posner, 1980) re fe rs  to  
a c l in ic a l  s ta te  in  which pa tien ts  are quad rip leg ic  and mute but 
awake and ab le  to  communicate by eye movements. There is
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p re s e rv a tio n  o f h e a rin g , com prehension and in te l l ig e n c e ,  bu t 
t h is  may no t be recogn ised  c l i n i c a l l y  s ince  th e re  is  com ple te  
im m o b il i ty  and apparen t i n a b i l i t y  to  communicate (Plum and 
Posner, 1980). B r ic o lo  (1975) b e lie v e d  th a t  the  syndrome had 
no t been observed a f t e r  traum a, b u t th e  case below (No. 33 in  
th is  se ries) is  described because o f fea tu res suggestive o f the 
locked -in  syndrome. Although the pa tho log ica l fin d in g s  are not 
t y p ic a l ,  the  case is  in s t r u c t iv e  because i t  i l l u s t r a t e s  the 
p ro fo u n d  n e u r o lo g ic a l  d is tu rb a n c e  w hich can r e s u lt  from  
s t r a te g ic a l ly - p la c e d  s m a ll le s io n s ,  and a ls o  because i t  
dem onstra tes  th e  va lue  o f h is to lo g y  in  th e  in te r p r e ta t io n  o f 
p os t-tra um atic  b ra in  damage.
Case h is to ry
T h is  17 year o ld  boy was a d m itte d  to  h o s p ita l a f t e r  a blow on 
the head. He had not been unconscious. W hile under observation 
he became increas ing ly  drowsy w ith  severe headache and vom iting , 
th e n  had a s e iz u re  and s u b s e q u e n tly  d e ve lo p e d  a r i g h t  
h e m ipa res is . The l e f t  p u p il was f ix e d  and d i la te d .  A f te r  
tra n s fe r to  the In s t i tu te  o f N eurological Sciences, the p a tie n t 
was n o t opening h is  eyes o r g iv in g  a v e rb a l response and was 
e x te n d in g  h is  lim b s  to  p a in fu l s t im u l i .  Both p u p ils  were now 
fix e d  and d ila te d . A computerised tomographic (CT) scan showed 
a le f t - s id e d  ex tra -d u ra l haematoma. This was evacuated through 
a c ran io tom y. P o s t-o p e ra t iv e ly  th e  in t r a c r a n ia l  p ressure  
rem ained h ig h  (30mm Hg), b u t a CT scan showed b ra in  s w e ll in g  
only. By the tim e o f discharge back to  the re fe rr in g  h o sp ita l 9
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days a f te r  in ju ry , the p a tie n t was s t i l l  not opening h is  eyes or 
g iv in g  a v e rb a l response and was f le x in g  h is  lim b s  to  p a in fu l 
s t im u li.  He required to  be tube fed. Spontaneous eye-opening 
returned but there  was l i t t l e  fu r th e r  improvement although some 
3 months a f t e r  th e  in ju r y  i t  was n o tic e d  th a t  he cou ld  b l in k  
answers to  sim ple questions, e.g h is  age, and answer yes or no. 
There was no fu r th e r  im provem ent and a s e r ie s  o f  chest 
in fe c tio n s  culm inated in  the p a tie n t's  death some 5 months a fte r  
in ju ry .
Post-mortem examination
General. There was very l i t t l e  subcutaneous fa t  and the re  was 
g e n e ra lis e d  re d u c t io n  in  m uscle b u lk . The fe e t  were p la n ta r  
f le x e d  and th e re  were f le x io n  c o n tra c tu re s  o f  w r is t s ,  e lbow s, 
knees and hips. There was normal growth o f head and body h a ir. 
On in te rn a l examination, the only f in d in g  o f note was a severe 
puru len t b ro n c h it is .
Neuropathology. The b ra in  weighed 1400g. Grooves in  both para- 
hippocampal g y r i de lineated previous te n to r ia l herniae. Coronal 
s e c tio n s  revea led  a s o l i t a r y  s m a ll co n tu s io n  in  the  l e f t  
i n f e r io r  f r o n ta l  gyrus and co n firm e d  the  presence o f  p ressure  
n e c ro s is  in  bo th  parahippocam pal g y r i.  A p a rt from  th is ,  th e  
main fin d in g s  on gross examination were sm all in fa rc ts  in  the 
cerebra l hemispheres. These were present as fo llo w s :-
1. The medial segment o f each globus p a llid u s
2. The substantia n ig ra  on each side (F ig . 9.2a)
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3. Extending from the l e f t  la te ra l gen icu la te  body across 
the  p o s te r io r  l im b  o f th e  in te r n a l  capsu le  in to  the 
la t e r a l  n u c le a r complex o f  th e  l e f t  tha lam us (F ig . 
9.2b)
4. The medial p a rt o f the l e f t  pu lv in a r
5. The c o r te x  on the  unde rsu rfa ce  o f th e  l e f t  o c c ip i t a l  
lobe
The cerebra l cortex was otherw ise normal. The v e n tr ic le s  were 
sym m etrical and o f normal size. The in te rv e n tr ic u la r  septum was 
in ta c t .  S e c tio n s  o f th e  b ra in  stem and s p in a l cord showed an 
abnormally w h ite  appearance in  the m edullary pyramids and the 
crossed pyramidal tra c ts .
Histology. H is to lo g ica l examination o f p a ra ff in  and c e llo id in  
sections confirmed the presence o f the in fa rc ts  seen grossly but 
a ls o  dem onstra ted in f a r c t s  a t  th e  lo w e r ends o f th e  in te r n a l 
capsules immediately proxim al to  the cerebra l peduncles. There 
was no evidence o f d if fu s e  hypoxic damage a ffe c t in g  the cerebra l 
c o r te x , basal n u c le i,  h ippocam pi o r ce rebe llu m . There was no 
evidence o f d if fu s e  axonal in ju r y  in  p a r a f f in  o r fro z e n  
s e c tio n s . S e c tio ns  o f the  b ra in  stem revea led  a m ic ro sco p ic  
in fa rc t  in  the median raphe o f the basis pontis , but in  a d d itio n  
there was b ila te ra l,  sym m etrical, lo n g - tra c t degeneration o f the 
c o r t ic o -s p in a l  t r a c ts  in  th e  b ra in  stem and s p in a l cord (F ig . 
9 .3 ) .
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Comment
The pa tho log ica l basis fo r  the p a tie n t’ s neuro log ica l s ta te  was 
no t c le a r  on gross exa m in a tio n . A lthough  sm a ll in f a r c ts  had 
been id e n t i f ie d ,  these were no t th o u g h t s u f f i c ie n t  to  account 
f o r  th e  c l i n i c a l  f in d in g s  o r  th e  e x te n t  o f  l o n g - t r a c t  
d ege n e ra tio n , and n e ith e r  d if fu s e  hypox ic  damage nor d if fu s e  
axonal in ju r y  cou ld  be excluded. H is to lo g ic a l  e xa m in a tio n , 
however, ru le d  ou t these p o s s ib i l i t i e s ,  and showed th a t  
b ila te ra l,  sym m etrical lo n g - tra c t degeneration was secondary to  
s m a ll in f a r c t s  in  th e  in te r n a l capsu les  whose e x te n t had no t 
been f u l ly  apparent p reviously. These and the other in fa rc ts  in  
t h is  case cou ld  a l l  be a t t r ib u te d  to  th e  e f fe c ts  o f ra is e d  
in tra c ra n ia l pressure and in te r n a l  h e rn ia t io n  secondary to  an 
extradura l haematoma.
The p a tie n t had c l in ic a l ly  been regarded as vegeta tive  and i t  
was only in  the l ig h t  o f the pa tho log ica l f in d in g s  th a t the case 
reco rds  were rev iew ed and th e  p a t ie n t 's  apparen t a b i l i t y  to  
communicate by eye movements discovered. This suggested a le v e l 
o f h ig h e r c o r t ic a l  fu n c t io n  in c o m p a tib le  w ith  th e  v e g e ta tiv e  
s ta te  and in  keeping w ith  th e  lo c k e d - in  syndrome. For t h is  
reason the p a tie n t was c la s s if ie d  as severely disabled fo r  the 
purposes o f th is  study. I f  th is  is  an example o f the locked -in  
syndrom e, th e  p a th o lo g ic a l  f in d in g s  a re  n o t t y p i c a l .  
C h a r a c te r is t ic a l ly ,  th e re  is  a b ra in -s te rn  in f a r c t  w h ich  
in t e r r u p t s  th e  m o to r pa th w ays  b u t spa res  th e  r e t ic u la r  
a c tiv a tin g  system and the cerebra l hemispheres (Nordgren e t a l., 
1971; Reznik, 1983). In  th e  p resen t case, a lth ou gh  a m inu te
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in fa r c t  was present in  the median raphe o f the basis pontis , the 
main les io n s  were sm all in fa rc ts  s itua ted  a t the low er ends o f 
the in te rn a l capsules.
a i. i g v-
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CHAPTER 10
COMPLICATIONS OF DELAYED ONSET 
Hydrocephalus
Hydrocephalus is  a common fin d in g  in  p a tie n ts  o f long s u rv iv a l 
a f t e r  severe head in ju r y  in  both  an te -m ortem  (Meyers e t  a l. ,  
1983) and post-m ortem  s tu d ie s  (S tr ic h ,  1961; J e ll in g e r , 1977). 
J e l l in g e r  (1977) c la im e d  th a t  hydrocephalus (a lth o u g h  no t 
d e fin e d ) was p re se n t in  50% o f h is  cases o f p o s t- tra u m a t ic  
encephalopathy. In  the  p re sen t s e r ie s  a ls o  hydrocephalus 
appea red  to  be common, b u t in  o rd e r  to  t e s t  t h i s  more 
o b je c t iv e ly ,  and a ls o  a llo w  c o r r e la t io n  w ith  o th e r fa c to rs ,  
q u a n t if ic a tio n  was attempted. The method is  described below.
Q u a n tifica tio n  o f hydrocephalus
The method e n ta ile d  p o in t-c o u n tin g  o f  photographs o f co rona l 
b ra in  s lice s . For each case one photograph o f a le v e l inc lud ing  
tha lam us o r hypothalam us was se le c te d . T h is  c r i t e r io n  was 
intended to  in troduce some u n ifo rm ity  but was met in  only 37 o f 
the  44 cases f o r  w hich photographs were a v a ila b le .  The 
photographs were then cop ied  on to  tra n s p a re n c ie s  w h ich  were 
p ro je c te d  on to  p e r fo ra te d  peg-board. Using th e  p e r fo ra t io n s  
fo r  p o in t-c o u n tin g , the  number o f " h i t s "  scored by the  whole 
b ra in  s l ic e  ( in c lu d in g  th e  v e n t r ic le s )  and th e  v e n t r ic le s  
re s p e c t iv e ly  were recorded. I f  th e  la t e r a l  v e n t r ic le s  were 
unequally enlarged, counts were taken from the h a lf  o f the s lic e
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w ith  the sm alle r v e n tr ic le  and then doubled to  g ive values fo r  
the whole coronal section. This was to  m inim ise the e ffe c t o f 
p o s s ib ly  u n re p re s e n ta tiv e  compensatory hydrocephalus secondary 
to  fo c a l d e s tru c t iv e  le s io n s  o f th e  c e re b ra l parenchyma. In  
t h i s  way, a b o u t 600 p o in ts  w ere  co u n te d  p e r case. The 
V e n t r i c le - B r a in  R a t io  (VBR) was th e n  c a lc u la te d  fro m  
( v e n t r ic le  s c o re / b ra in  sco re ) x 100. The s tandard  e r ro r  
percentage o f the  method ranged from  0.4 to  2,0% depending on 
the size  o f the ve n tr ic le s .
Results
Normal c o n tro ls  were n o t s tu d ie d  because o f th e  d i f f i c u l t y  o f 
ob ta in ing  these. Instead a normal range fo r  the VBR was defined 
a r b i t r a r i l y ,  based on th e  o r ig in a l  g ross d e s c r ip t io n s  o f the  
d is s e c te d  b ra in s .  In  cases d e s c r ib e d  as h a v in g  n o rm a l 
v e n tr ic le s , the h ighest VBR was 5.0, w h ile  in  those considered 
to  have d ila te d  v e n tr ic le s  the low est VBR was 5.8. A VBR o f 5.5 
was th e re fo re  chosen as th e  upper l i m i t  o f norm al. VBR's fo r  
the 38 cases analysed are l is te d  together w ith  age, b ra in  weight 
and le n g th  o f s u rv iv a l in  Table 10.1. In  one case (No. 47) 
hydrocephalus was o f la te  onset, secondary to  a c e re b e lla r  
haematoma o f  h y p e r te n s iv e  o r ig in .  E xc lud ing  t h is  case, 
v e n tr ic u la r  d ila ta t io n  was present in  24 o f the 37 cases (65%).
The re la t io n s h ip  between VBR and d u ra t io n  o f s u rv iv a l was 
a n a ly s e d  (T a b le  10 .2 ). O v e ra l l  (F ig .  10.1) and a ls o  f o r  
subgroups c h a ra c te r is e d  re s p e c t iv e ly  by d if fu s e  le s io n s  ( i.e . 
d if fu s e  axonal in ju ry  and d if fu s e  hypoxic b ra in  damage) and by
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Table 10.1
Age, s u rv iv a l, b ra in  w eight and v e n tr ic le /b ra in  ra t io  (VBR) in  
38 cases fo r  which the VBR could be assessed.
Case No. Age Surv iv a l B rain Wt. VBR
2 60 29 1250 6.3
3 29 30 7 2.8
4 27 30 1160 5.8
6 61 34 1440 2.7
7 56 34 1450 3.9
9 36 38 1560 2.9
10 63 39 1350 9.0
11 17 41 1620 3.1
13 18 43 1490 3.4
14 61 47 1755 6.6
15 29 51 1490 7.3
16* 17 54 1420 6.5
17 40 56 7 2.7
18 38 57 1250 2.6
19 64 59 1360 8.1
20 59 59 1370 3.6
21 72 60 1270 5.0
22 47 64 1390 6.2
24 43 71 1350 7.0
25 24 73 1520 6.7
26 29 82 1650 3.3
27 15 86 1160 3.3
30 65 105 1440 11.3
32 55 140 7 14.6
33 17 147 1400 4.0
34 60 157 7 12.7
36 48 220 1230 6.9
37 48 252 1250 7.2
38 56 277 1190 7.2
39 31 462 1020 7.5
40 34 539 1070 12.8
41 18 640 1200 11.4
42 15 1087 1140 28.5
43 48 1161 1120 11.2
44 20 2195 1020 12.1
45 53 3023 7 10.7
46 42 3114 1220 18.0
47* 43 5206 1280 15.4
*Notes
Case 16 V en tricu lop e ritonea l shunt ( c l in ic a l  ob s tru c tive  
hydrocephalus)
Case 47 Terminal o b s tru c tive  hydrocephalus (ce reb e lla r 
haemorrhage)
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fo ca l les ions  only, there  was a p o s it iv e  c o rre la tio n  between VBR 
and d u ra t io n  o f s u rv iv a l (Tab le  10.2). When c l i n i c a l  outcome 
was taken in to  account, c o rre la tio n  between VBR and su rv iva l was 
s tro n g e s t fo r  cases o f d i f fu s e  axonal in ju r y  in  a v e g e ta tiv e  
s ta te  or prolonged coma (Fig. 10.1). For o ther outcome groups, 
respec tive ly  w ith  d if fu s e  axonal in ju ry  and w ith  fo c a l les ions 
on ly, the c o rre la tio n  was le ss  marked (Table 10.2).
Table 10.2
C o rre la t io n  between d u ra t io n  o f  s u rv iv a l and v e n t r ic le /b r a in  
r a t io .
n r P
Series o v e ra ll 37 .55 .001
D iffu se  les io n s* 20 .60 .01
D iffuse  axonal in ju ry 19 .68 .01
D iffuse  axonal in ju ry ( vegetative/coma) 13 .88 .001
D iffuse  axonal in ju ry (severely 5 .57 NS
disab led)
Focal les ions  only 17 .54 .05
Focal les ions  only ( vegetative/coma) *8 .285 NS
Focal les ions  only (severely 8 .71 .05
disabled)
^ D if fu s e  le s io n s  = d if fu s e  axonal in ju r y  o r d i f fu s e  hypoxic  
b ra in  damage.
Cause o f  hydrocephalus
A p a rt from  th e  case o f a c e re b e lla r  haematoma o f la t e  onset 
noted above, the greatest v e n tr ic u la r  enlargement was associated 
w ith  d if fu s e  les ions. The h ighest VBR (28.5) occurred in  a case
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o f d if fu s e  hypox ic  b ra in  damage (No. 42; F ig . 8 .1 ). The next 
h ig h e s t VBR's, ra n g in g  from  11.4 to  18.0, were found in  s ix  
consecutive cases o f d if fu s e  axonal in ju ry  (Nos. 32, 34, 40, 41, 
44 and 46) (F ig . 6.4). In  a few cases o f lon g  s u r v iv a l w ith  
d if fu s e  le s io n s , marked c e re b ra l a trophy  was a fe a tu re  (e.g. 
F ig. 6.5 and 8.1). These fin d in g s  suggest th a t loss  o f cerebra l 
parenchyma was an im portant cause o f v e n tr ic u la r  d ila ta t io n .
V e n tr ic u la r drainage had been ca rrie d  out in  fo u r p a tien ts , 
in  th re e  o f whom th is  had been tem porary . In  th e  fo u r th  case 
(No. 16), a c l in ic a l  d iagnosis o f o b s tru c tive  hydrocephalus had 
been made on th e  b a s is  o f en la rgem ent o f the  v e n t r ic le s  seen 
ra d io lo g ic a lly  a f te r  treatm ent o f a combined extradura l/subdura l 
abscess w hich  developed a t  a c ran io tom y s i te .  A v e n t r ic u lo -  
p e r ito n e a l shunt had been in s e r te d  b u t w ith o u t  any c l in i c a l  
improvement. At post-mortem examination there  was th icken ing  o f 
the meninges in  the basal c is te rn s  and a t the e x it  foram ina o f 
th e  fo u r th  v e n t r ic le .  M ild  hydrocephalus was p resen t (F ig . 
5.1). Focal m eningeal th ic k e n in g  o r adhesions were common in  
th is  se ries  but th e ir  s ig n ifica nce  is  d i f f i c u l t  to  assess. The 
aqueduct was patent in  every case. Apart from Case No. 47 (see 
below) there  were no cases in  which ra ised in tra c ra n ia l pressure 
was thought, a fte r  d issec tion , to  have con tribu ted  to  death.
Rare complications of late onset
Two severely disabled p a tien ts  worsened n e u ro lo g ica lly  some tim e 
a f te r  they had a tta in e d  t h e i r  m axim al recove ry . One o f these 
(Case No. 47, s u rv iv a l 14 years 3 months) s u ffe re d  from
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hypertension and h is  step-w ise d e te r io ra tio n  over several years 
was a ttr ib u te d  c l in ic a l ly  to  cerebrovascular disease. The cause 
o f  death was m assive c e re b e lla r  haemorrhage. There was 
f la t te n in g  o f the cerebra l convolu tions associated w ith  moderate 
h y d ro c e p h a lu s  c o n s is te n t  w i t h  an o b s tru c t iv e  a e t io lo g y . 
D is s e c tio n  o f  the  b ra in  a lso  dem onstra ted s e ve ra l la cu n a r 
in fa r c ts .  In  th e  o th e r  case (No. 43) th e  fe a tu re s  o f  both 
ce n tra l pontine m y e lin o ly s is  and M arch ia fava -B ig nam i d isease  
were found on post-m ortem  exam ina tion . A fu r th e r  case o f 
in te re s t in  th is  context was a vegeta tive  p a tie n t (Case No. 44) 
fo r  whom no h is to ry  o f neuro log ica l d e te r io ra tio n  was obta inable 
a lth o u g h  the  b ra in  and s p in a l cord  harboured the  c la s s ic  
h is to lo g ic a l changes o f pe llagra . These la s t  two cases w i l l  be 
described in  more d e ta il below, since they are examples o f ra re  
m e ta b o l ic  o r  n u t r i t i o n a l  d ise a se s . These were p robab ly  
c o m p lic a tio n s  o f d e b i l i t a t io n  and m a ln u t r i t io n  ra th e r  than 
trauna.
Central pontine myelinolysis and Marchiafava-Bignami disease in 
a severely disabled patient
Case h is to ry
This 46 year o ld  man (Case No. 43) was assaulted w ith  a concrete 
s lab  and su s ta ine d  severe c ra n io fa c ia l  in ju r ie s  in c lu d in g  
f ra c tu re s  o f the  fa c ia l  bones, th e  base o f  th e  s k u l l  and the  
o c c ip u t. He was a d m itte d  unconscious to  the  I n s t i t u t e  o f 
N e u ro lo g ic a l Sciences. A r ig h t  in t ra te m p o ra l haematoma was
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id e n t if ie d  on CT scanning but was managed conserva tive ly . A fte r 
re p a ir  o f h is  c ra n io fa c ia l in ju r ie s ,  the p a tie n t was discharged 
to  another h o sp ita l fo r  long-term  care. He was completely b lin d  
due to  o p tic  nerve damage, was unable to  walk w itho u t assistance 
and was apathe tic  and uncommunicative. His care was hindered by 
a g g re ss ive  d is in h ib i te d  behav iou r fo r  w h ich  he re q u ire d  to  be 
sedated. E ighteen months a f t e r  th e  in ju r y  th e  p a t ie n t  became 
in c re a s in g ly  d is o r ie n ta te d ,  confused and v io le n t  tow ards 
p a t ie n ts  and ward s t a f f .  H is  a p p e t ite  was d e scribed  as 
voracious. This s ta te  o f a f fa ir s  pers is ted  u n t i l  some 3 years 
a f te r  h is  in ju r y  when over a p e rio d  o f 6 weeks he became 
progressive ly "stuporose" (th e  exp ress ion  in  the  case re c o rd ), 
and developed a f l a t  toneless speech and increasing d i f f i c u l t y  
in  s w a llo w in g . A c l in i c a l  d ia g n o s is  o f b u lb a r pa lsy  was made 
but a neuro log ica l op in ion was not sought and no in v e s tig a tio n s  
were ca rrie d  out. On some occasions the p a tie n t vomited. Oral 
f l u i d  in ta k e  was p o o r, b u t th e re  was no p a r e n te r a l  
a d m in is tra tio n  o f f lu id s .  Serum e le c tro ly te s  were not measured. 
He de te rio ra ted  progress ive ly , becoming comatose w ith  c l in ic a l  
evidence o f bronchopneumonia, and d ied  th re e  years and two 
months a f te r  h is  o r ig in a l in ju ry .
Post-mortem exam ination
General: The body was th a t o f a s lim ly  b u i l t  male w ith  various
fa c ia l  scars. There was pulmonary oedema and b i la t e r a l  basal 
pneumonic consolida tion . Several sm all abscesses were present
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in  the  c o r te x  o f  th e  r ig h t  k idney . The o th e r organs appeared 
hea lthy .
Neuropathology: The healed s i t e  o f an o ld  bone f la p  was
id e n t if ie d  in  the s k u ll. The b ra in  weighed 1120g. There were 
o ld  b i la t e r a l  f r o n ta l ,  r i g h t  tem po ra l and r ig h t  p a r ie ta l  
co n tu s io n s  (TCI = 21). Coronal s e c tio n s  dem onstra ted a sm a ll 
o ld  haematoma in  th e  r ig h t  te m pora l lobe . There was moderate 
sym m e trica l en la rgem ent o f the  la t e r a l  and t h i r d  v e n t r ic le s .  
The corpus callosum was th in  but no fo ca l le s io n  was seen. The 
in te r v e n t r ic u la r  septum was d e f ic ie n t  a t  one p o in t.  The 
c e re b e llu m  was n o rm a l. The b r a in  stem appeared norm al 
e x te rn a lly  and on section and, in  p a r t ic u la r , there  was no fo ca l 
le s io n  or any evidence o f dem yelination.
Histology: The presence o f o ld  contusions and an o ld  haematoma
was confirmed. S e ria l blocks o f the e n tire  corpus callosum were 
examined h is t o lo g ic a l ly .  In  one o f these , a t  the  le v e l  o f the  
hypothalamus and predominantly in  the upper h a lf  o f the corpus 
ca llo su m , th e re  was a w e ll  demarcated zone o f d e m y e lin a tio n  
(F ig . 10.2). Between th is  and th e  s u p e r io r  su rfa ce  o f the  
corpus ca llosum  th e re  was a narrow  la y e r  o f spared m ye lin . 
W ith in  th e  le s io n  th e re  were numerous l ip id - la d e n  macrophages 
and re a c t iv e  a s tro c y te s  (F ig . 10.3a), b u t on s i lv e r  s ta in in g  
th e re  was p re s e rv a tio n  o f axons (F ig . 10.3b). There were no 
o th e r f o c i  o f d e m y e lin a tio n  in  the  c e re b ra l hem ispheres o r 
cerebellum.
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In  th e  b r a in  stem  th e re  was a s y m m e tr ic a l zone o f 
dem yelination in  the basis pontis , centred on the median raphe 
(F ig .  1 0 .2 ). As w i t h  th e  c a l lo s a l  le s io n ,  l ip id - l a d e n  
macrophages and re a c tive  a s tro c y te s  were p resen t in  abundance 
(F ig . 10.4a), bu t neurons were spared and on s i lv e r  s ta in in g  an 
apparently normal complement o f axons traversed the le s io n  (Fig. 
10.4b). In  fro z e n  s e c tio n s  th e re  was scanty  p o s i t i v i t y  on O il 
Red 0 and Marchi s ta in in g  w ith in  the demyelinated area. There 
was no fo ca l le s io n  o f the type associated w ith  d if fu s e  axonal 
in ju ry .
Comment
In  th is  case, the only les ions  o f primary traum atic  o r ig in  were 
fo c a l in  n a tu re  and com prised c e re b ra l co n tu s io n s  and a sm a ll 
in t ra c e re b ra l haematoma. There was no evidence o f  d if fu s e  
axonal in ju ry . The les ion s  present in  the corpus callosum and 
the pons were s im ila r  h is to lo g ic a lly ,  and consisted o f zones o f 
e s s e n t ia l ly  p e r i- a x ia l  d e m y e lin a tio n  w ith  f l o r i d  re a c t iv e  
fe a tu re s  and no evidence o f p re v io u s  haemorrhage. T h is  
combination o f fea tu res would not be seen in  the fo ca l les ions  
o f d i f fu s e  axonal in ju r y ,  p a r t ic u la r ly  a t  t h is  le n g th  o f 
s u rv iv a l (th ree years and two months). The c a llo s a l le s io n  was 
h ig h ly  sug ge s tive  o f M a rch ia fava -B ignam i d isease, b u t was 
unusual in  be ing co n fin e d  to  o n ly  one le v e l a lth oug h  i t  is  
recogn ised  th a t  on ly  a p o r t io n  o f th e  corpus ca llosum  may be 
in v o lv e d  (B r io n , 1975). The p o n tin e  le s io n ,  however, was 
c h a r a c t e r i s t i c  o f  c e n t r a l  p o n t in e  m y e l in o ly s is .  The
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topographical and h is to lo g ic a l fea tu res were q u ite  un like  those 
o f e i th e r  the  fo c a l le s io n s  o f d i f fu s e  axonal in ju r y  o r 
W a lle r ia n  de gene ra tion , p a r t ic u la r ly  when th e  d u ra t io n  o f 
s u rv iv a l is  taken in to  account.
Pellagra in a vegetative patient
Case h is to ry
This 26 year o ld  man (Case No. 44) was the d r iv e r  o f a car which 
sk idded  o f f  the  road and crashed. He had been rendered 
unconscious a t  the  t im e  o f the  in ju r y  and rem ained so on 
a dm iss ion  to  h o s p ita l.  There were v i r t u a l l y  no a b ra s io n s  o r 
la ce ra tio n s  to  the head and there  was no fra c tu re  o f the s k u ll. 
O ther in ju r ie s  in c lu d e d  f ra c tu re s  o f the  d is t a l  s h a ft  o f the  
l e f t  fem ur and th e  r ig h t  f i f t h  m etacarpa l bone. The p a t ie n t  
never rega ined  consciousness b u t about fo u r  weeks a f te r  the 
accident he began to  open h is  eyes spontaneously. He required 
to  be fed  by n a s o g a s tr ic  tube. When seen 12 months a f te r  the  
in ju ry  he was ly in g  w ith  h is  eyes wide open, almost s ta rin g , and 
o c c a s io n a lly  w ith  brow fu rrow e d . There was a gross r ig h t  
hem iplegia inc lud ing  the face. Both legs were extended but were 
capable o f some f le x io n  response. He made chewing movements but 
s t i l l  re q u ire d  to  be tu b e -fe d . There was a p p a re n tly  no 
im provem ent b e fo re  th e  p a t ie n t  d ied  some 6 years  a f te r  the  
in ju r y .  The case no tes had been d isca rded  and th e  on ly  
in fo rm a tion  gleaned about h is  te rm ina l i l ln e s s  was th a t he had 
developed a chest in fe c tio n .
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Post-mortem exam ination
General: The body was th a t o f an extremely emaciated young man.
There were marked f le x io n  d e fo rm itie s  o f the upper lim bs  and the 
l e f t  le g  was f le x e d , adducted and e x te rn a l ly  ro ta te d . There 
were se v e ra l la rg e  d e cu b itu s  u lc e rs  in  th e  lu m b o -s a c ra l and 
g lu te a l regions. No other cutaneous le s io n s  were noted in  the 
autopsy re p o r t .  The h e a r t (250g), l i v e r  (800g), k idneys  (10Og 
and 95g) and sp leen (50g) were s m a ll bu t o th e rw is e  norm al. On 
d issec tion  o f the lungs there  was an acute puru len t b ro n ch itis .
Neuropathology: The s k u ll and meninges were normal. The bra in  
was s m a ll (1020g) and th e re  was s t r ik in g  g e n e ra lis e d  a trophy  
w ith  widening o f s u lc i. There was a s ing le  sm all contusion (TCI 
= 3) o f th e  l e f t  f r o n ta l  lobe . S e r ia l co ro n a l s e c tio n s  o f the  
c e re b ra l  h e m is p h e re s  showed t h a t  th e re  was b i l a t e r a l  
dem yelination and c y s tic  change o f the w h ite  m atte r extending 
down from the superio r and m iddle f ro n ta l g y r i in to  the centrum 
semiovale. This was p a r t ic u la r ly  obvious in  the a n te r io r  th ird  
o f the cerebra l hemispheres. There were sm all su lca l in fa rc ts  
in  the  depths o f the  s u p e r io r  and m id d le  f r o n ta l  s u lc i ,  and in  
the insulae. The corpus callosum was very th in  throughout i t s  
leng th  and contained an orange brown pigmented scar to  the l e f t  
o f the  m id lin e . The in t e r v e n t r ic u la r  septum was in ta c t .  The 
in te rn a l capsules were attenuated. The thalamus was shrunken on 
both s id e s  w ith  c y s t ic  change on the  l e f t  s ide . There was a 
sm a ll sca r in  the  m ed ia l segment o f the  l e f t  g lobus p a ll id u s .
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The l e f t  hippocampus was sc le ro se d  and p re v io u s  t e n to r ia l  
h e rn ia t io n  was in d ic a te d  by b i la t e r a l  o ld  wedge pressure  
n e c ro s is  in  th e  parahippocam pal g y r i.  The la t e r a l  and t h i r d  
v e n tr ic le s  were moderately enlarged and symmetrical.
The c e re b e lla r  hem ispheres were a tro p h ic  and on s e c tio n  
there  was dem yelination which appeared to  be more extensive on 
the l e f t  side than on the r ig h t  (Fig. 6.5).
The b ra in  stem was g re a t ly  reduced in  s iz e  and on s e c tio n  
th e re  was marked en la rgem ent o f the  aqueduct and fo u r th  
v e n tr ic le . The tegmentum o f the pons was sm all but there  were 
no fo ca l les ions  in  the d o rso la te ra l quadrants. In  the medulla 
th e re  was u n ifo rm  re d u c t io n  o f th e  long  f ib r e  t r a c ts  and 
apparen t hyp e rtrophy  o f the  i n f e r io r  o l iv a r y  n u c le i.  The 
pyramids were reduced in  s ize  w ith  evidence o f dem yelination.
The s p in a l cord was norm al e x te rn a l ly  and a t  m u lt ip le  
represen ta tive  le v e ls .
Histology: The fe a tu re s  seen on g ross e xam in a tio n  were
co n firm e d  to  be p resen t. There was w idespread g l io s is  and 
d e m y e lin a tio n  (F ig . 6.4). A sym m etrica l d e m y e lin a tio n  and 
g lio s is  a ffec ted  various tra c ts  in  the bra in  stem. In  ad d ition  
to  th e  fo c a l le s io n  seen in  th e  corpus ca llo sum , a focus o f 
g l io s is  and haem osiderin  d e p o s it io n  was id e n t i f ie d  m ic ro ­
sco p ica lly  in  the l e f t  superio r ce re be lla r peduncle. Thus, the 
c la s s ic  t r ia d  o f  d if fu s e  axonal in ju r y  was f u l f i l l e d .  There 
were m ic ro sco p ic  le s io n s  o f d if fu s e  v a s c u la r in ju r y  in  w h ite  
m a tte r, in  v a r io u s  basal g a n g lia , and in  the  sub icu lum  o f the
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l e f t  pes h ippocam pi and hippocampus. Tha lam ic sh rinkage  and 
g lio s is  w ith  marked ra re fa c tio n  o f the dorso-medial nucleus on 
th e  l e f t  s id e  was c o n s id e re d  to  re p re s e n t re t ro g ra d e  
degene ra tion  secondary to  d if fu s e  axonal in ju r y .  S e c tio ns  o f 
the  s p in a l cord showed a sym m etrica l d e m y e lin a tio n  in  the  
descending c o rtic o s p in a l tra c ts .
As evidence o f secondary b ra in  damage, b ila te ra l o ld  wedge 
pressure necrosis was confirmed to  be present. There was marked 
a trophy  o f th e  m ed ia l p o r t io n s  o f th e  s u p e r io r  c e re b e lla r  
c o rte x . T h is  was a t t r ib u te d  to  s u b to ta l ischaem ia  w ith in  the  
d is t r ib u t io n s  o f the superio r ce re b e lla r a rte r ie s . This was the 
only evidence o f ischaemic b ra in  damage. There was no evidence 
o f d if fu s e  hypoxic b ra in  damage.
In  a d d itio n  to  the above les ions , there  was the unexpected 
f in d in g  o f w idespread c e n tra l c h ro m a to ly s is . T h is  was most 
s t r ik in g  in  th e  Betz c e l ls  o f th e  m otor c o rte x  (F ig . 10.5a) and 
the  p o n tin e  n u c le i (F ig . 10.5b), b u t was a ls o  p resen t in  the  
d o rsa l n u c le i o f the  v a g i, th e  re g io n  o f  th e  nuc leus ambiguus 
and, le s s  c e r ta in ly ,  in  the  g r a c i le  and cuneate n u c le i and the  
mesencephalic nuc le i o f the f i f t h  c ra n ia l nerves. In  the sp ina l 
co rd , s c a tte re d  a n te r io r  horn c e l ls  a ls o  appeared to  show 
cen tra l chrom atolysis.
Comment
The main traum atic  le s io n  in  th is  case was extensive d if fu s e  
axonal in ju r y .  The a d d it io n a l f in d in g  o f  w idespread c e n tra l 
chrom atolysis was d iagnostic  o f pe llag ra  a ffe c tin g  the cen tra l
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nervous system. Demyelination o f the the p o s te rio r columns o f 
the sp ina l cord has also been described in  pe llagra  but was not 
p re sen t in  t h is  case. C e n tra l c h ro m a to ly s is  may be seen 
occasiona lly  in  cases o f d if fu s e  axonal in ju ry  but only in  the 
e a r l ie r  stages, a t about th ree  or fou r weeks su rv iva l (S tr ich , 
1969). Central chrom atolysis was not seen in  th is  se ries  apart 
from the above case.
96
CHAPTER 11
DISCUSSION
The nature o f b ra in  damage underly ing a poor outcome in  p a tien ts  
o f prolonged s u rv iv a l a f te r  head in ju ry  has been the sub ject o f 
numerous in v e s t ig a t io n s .  These have been summarised in  the  
rev ie w  o f the  l i t e r a t u r e .  The most im p o rta n t s tu d ie s  in c lu d e  
the seminal work o f S tr ic h  (1956, 1961) and the la rge  se ries  o f 
J e l l i n g e r  and S e i te lb e r g e r  (1 970 ). S t r i c h  (1 956 ,1961 ) 
co n cen tra ted  on one type o f b ra in  damage, and e s ta b lis h e d  the  
concept o f d if fu s e  degeneration o f the w h ite  m atte r as a cause 
o f coma and severe p o s t- tra u m a t ic  dem entia. S tr ic h  b e lie ve d  
th a t  the  i n i t i a l  im pact was re s p o n s ib le  fo r  the  damage to  the 
w h ite  m a tte r  in  t h is  process. J e l l in g e r  and S e ite lb e rg e r  
(1970), on the  o th e r hand, e xp re ss ly  denied th a t  t h is  cou ld  be 
the  on ly  cause o f p e rs is te n t  deep coma o r coma v i s i l e , and 
instead maintained th a t les io ns  o f the bra in  stem are the most 
im portant fa c to r determ ining the outcome o f head in ju r ie s . In 
t h e i r  v ie w , the  d if fu s e  degenera tion  o f  S tr ic h  is  a t  le a s t  in  
pa rt due to  vascular e ffe c ts  and oedema.
In  th e  p a s t,  c l i n i c a l  te rm s  f o r  a b no rm a l s ta te s  o f  
consciousness and recovery a f te r  head in ju ry  tended to  be id io ­
s y n c ra t ic  and im p re c ise , in c lu d in g  the  exp ress ions  "p o s t-  
tra u m a tic  dem entia " and "pos t-traum a tic  encephalopathy" coined 
re s p e c t iv e ly  by S tr ic h  (1956) and J e l l in g e r  and S e ite lb e rg e r  
(1970) to  em brace th e  c l i n i c a l  fe a tu re s  o f t h e i r  cases.
97
Term ino logy has s ince  been placed on a more even fo o t in g  by 
J e n n e tt and h is  co lle a gu e s . The Glasgow Coma Scale (Teasdale 
and J e n n e tt, 197*0 is  w id e ly  used and i t s  d e f in i t io n  o f coma 
(Teasdale and J e n n e tt, 1976; Je n n e tt and Teasdale, 1977) is  
said to  m inim ise am biguity (Teasdale, 1986). S im ila r ly , there 
is  in c re a s in g  use o f the  Glasgow Outcome Scale (J e n n e tt and 
Bond, 1975) which in c lu d e s  as one o f i t s  c a te g o r ie s  the  
p e rs is te n t vegeta tive  s ta te  as e a r l ie r  characterised by Jennett 
and Plum (1972) and now known s im p ly  as th e  v e g e ta tiv e  s ta te  
(J e n n e tt e t  a l. ,  1977b). I t  should be borne in  mind th a t  these 
a re  c l in i c a l  sca le s  d e a lin g  w ith  le v e ls  o f consciousness and 
fu n c tio n , and were intended to  re f le c t  the o ve ra ll seve rity  o f 
b ra in  damage ra th e r than in d ica te  the type or anatomical locus 
o f any les ion (s ) present.
In  an autopsy study o f considerable ep idem io log ica l value, 
Adams e t a l. (1980a) undertook a comprehensive ana lys is  o f a l l  
the  le s io n s  p resen t in  a co n secu tive  s e r ie s  o f head in ju r ie s .  
C lin ico -p a th o lo g ica l c o rre la tio n  was not one o f the aims o f th is  
study, and a l l  p a tien ts  were included regardless o f du ra tion  o f 
s u rv iv a l, which fo r  the vast m a jo r ity  ranged from 12 hours to  14 
days. Adams e t a l.  (1980a) concluded th a t  the  le s io n s  most 
commonly a sso c ia te d  w ith  a f a t a l  outcome are  d if fu s e  axonal 
in ju ry , hypoxic b ra in  damage and secondary damage to  the b ra in  
stem. No previous survey has adequately analysed in  a s im ila r  
fa s h io n  th e  range o f le s io n s  u n d e r ly in g  a poor outcome a f te r  
head in ju r y  in  a p o p u la tio n  d e fine d  acco rd ing  to  c l in i c a l  
c r i t e r ia .  The work presented in  t h is  th e s is  is  an a tte m p t to
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f i l l  th is  gap in  the l i te ra tu re .  I t  was decided to  r e s t r ic t  the 
se ries  to  pa tien ts  who were vegeta tive , severely d isabled or in  
p ro longed coma, p r im a r i ly  because o f th e  r a r i t y  o f  autopsy 
m a te r ia l from  p a t ie n ts  o f  b e t te r  outcome. A lo w e r s u rv iv a l 
l im i t  o f 28 days was chosen since th is  is  probably the e a r lie s t  
a t  w hich a llo c a t io n  on the  Glasgow Outcome Scale is  p o s s ib le  
(Jennett e t a l. , 1977a), although i t  is  recognised th a t th is  may 
be d i f f i c u l t ,  f o r  example, in  the  case o f  v e g e ta tiv e  p a t ie n ts  
(Braakman, 1984). I t  has been shown, however, th a t the m a jo rity  
o f p a tien ts  have reached th e ir  f in a l  s ta te  on the Outcome Scale 
w ith in  th re e  months o f  the  in ju r y  (J e n n e tt e t  a l . ,  1977a). In  
the present series, less  than h a lf  the p a tien ts  liv e d  fo r  more 
than th re e  months, and i t  is  p o s s ib le  th a t  some, p a r t ic u la r ly  
those o f s h o r te r  s u r v iv a l ,  m ig h t have im proved to  some e x te n t 
had they liv e d  longer.
In  c l in i c a l  p ra c t ic e ,  se ve re ly  d is a b le d  p a t ie n ts  g re a t ly  
outnumber those in  a v e g e ta tiv e  s ta te  (J e n n e tt e t  a l . ,  1977b). 
In  the  p re sen t s e r ie s , however, the  m a jo r ity  o f  p a t ie n ts  were 
vegeta tive. Of those c la s s if ie d  as severely disabled, only two 
were ever ab le  to  re tu rn  home. Thus, the  s e r ie s  is  w e igh ted  
towards the worse end o f the spectrum o f d is a b i l i t y  a f te r  head 
in ju r y .  T h is  is  exp la ine d  by the  d e r iv a t io n  o f the  cases from  
an autopsied h o s p ita l- in p a t ie n t  p o p u la tio n . A pa rt from  th is ,  
the demographic and c l in ic a l  c h a ra c te r is tic s  o f th is  se ries  are 
b ro ad ly  s im i la r  to  those found by J e n n e tt e t a l.  (1977b) when 
they fo llow ed the progress o f a la rge  number o f p a tien ts  fo r  a t 
le a s t  s ix  months a f te r  severe head in ju r y .  A lthough  many d ied
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w ith in  the  f i r s t  th re e  months, and th e  s u rv iv o rs  in c lu d ed  a l l  
grades o f reco ve ry , the  data are  o f  in te r e s t  s ince  they are  
re p re s e n ta t iv e  o f  the  pool o f severe head in ju r ie s  from  which 
vegeta tive  and severely d isabled pa tien ts  are drawn. The data 
from  the  tw o s e r ie s  a re  compared in  Table 11.1. The main
Table 11.1
Comparison o f demographic and c l in ic a l  fea tu res in  two se ries  o f
p a tien ts  w ith  severe head in ju r ie s .
Jennett e t a l.  (1977b) Thesis
Type o f se ries  C lin ic a l Autopsy
n 424 48
S urv iva l 6 hrs-6 months over 1 month
Age (mean) 34 38.8
Sex ra t io  (m :f) 4.3:1^ 4.3:1
RTA ( a l l )  53% 56%
(pedestrian on ly) 24% 14%
F a lls  ( a l l )  25*2 27*
Assaults 19* 17*
E x trac ran ia l in ju r ie s  30% 35%
Lucid in te rv a l 32% 19%
(complete or p a r t ia l)
Fracture o f s k u ll 77% 54%
In tra c ra n ia l 51% 54%
haematcma (any type)
1 Based on 695 cases from 3 centres
2 Refers to  "work re la ted  in ju r ie s "  plus drunken f a l ls
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d iffe rences  are the lower p roportion  o f road t r a f f i c  accidents 
in vo lv in g  pedestrians (and, by im p lic a tio n , a h igher proportion  
in v o lv in g  v e h ic le  occupan ts), a lo w e r in c id e n ce  o f a lu c id  
in te rv a l (whether complete o r p a r t ia l) ,  and a low er incidence o f 
fra c tu re  o f the s k u ll in  the present study. The s l ig h t ly  o lder 
mean age in  the present study may r e f le c t  the greater powers o f 
recovery  o f younger p a t ie n ts ,  as shown by Teasdale e t a l.  
(1982), ra th e r than an increased death ra te .
M i l le r  e t a l. (1978) inves tiga ted  the occurrence o f systemic 
in s u l t s  on adm iss ion  to  h o s p ita l in  p a t ie n ts  w ith  severe head 
in ju r ie s .  They found hypoxia  in  30% o f p a t ie n ts  and a r t e r ia l  
hypo tens ion  in  13%. In  the  p resen t s tudy th e re  was hypoxia  in  
35% and a r te r ia l  hypotension in  29%. Although s im ila r  c r i t e r ia  
were employed, the data are not q u ite  comparable since those o f 
M il le r  e t a l. (1978) were obtained on admission.
F ra c tu re s  o f the  s k u l l  were p resen t in  54% o f cases in  the  
p re sen t s tudy , a f ig u re  w hich is  s im i la r  to  th a t  o f J e l l in g e r  
and S e ite lbe rger (1970) (52%), but is  less  than found by Jennett 
e t  a l .  (1977b) (77%) o r  Adams e t  a l .  (1980a) (79%). Any 
d iscrepancy cannot be a t t r ib u te d  to  g re a te r  d i f f i c u l t y  in  
re c o g n is in g  f r a c tu re s  w ith  the  lapse  o f t im e  from  the  in ju r y  
s ince  the  re s u lts  o f c l in i c a l  in v e s t ig a t io n s  were taken in to  
account in  th is  study, although comparison o f c l in ic a l  and post­
mortem data showed th a t a fte r  several weeks fra c tu re s  were less 
l ik e ly  to  be id e n tif ie d .
C erebra l con tus ions  were the  most common le s io n  in  the  
present se ries, occurring in  90% o f cases, which compares w e ll
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w ith  the  f ig u r e  o f 95% found by Adams e t a l.  (1980a) who used a 
s im i la r  method to  q u a n t ify  con tu s io n s . Thus co n tu s io n s  are 
confirmed to  be a common occurrence, but i t  is  o f in te re s t th a t 
in  10% o f cases in  the  p re sen t study t h is  h a llm a rk  o f  a head 
in ju r y  was absent. A mere s ta te m e n t o f th e  frequency o f 
contusions is  o f l i t t l e  worth w itho u t an assessment o f seve rity . 
Adams e t a l.  (1980b) were p robab ly  the  f i r s t  to  dev ise  a 
p ra c tic a l q u a n tita t iv e  method fo r  th e  a n a ly s is  o f co n tu s io n s , 
and t h e i r  "c o n tu s io n  index method" in  e ith e r  i t s  o r ig in a l  o r 
s l ig h t l y  m o d if ie d  form  has now been a p p lie d  to  s e r ie s  o f  both 
human and p r im a te  b ra in s  (Adams e t a l . ,  1980a, 1980b, 1985b). 
The contusion index method was repeated in  the present study in  
o rd e r to  te s t  the  c o n c lu s io n s  o f Adams e t a l.  in  ano the r group 
o f p a t ie n ts ,  and a ls o  to  a llo w  com parison w ith  s im i la r ly  
analysed m a te r ia l from  a la rg e r  s e r ie s  (Adams e t a l . ,  1980b, 
1985b). In  the present study the median to ta l  contusion index 
was 13, s im i la r  to  the  f ig u r e  o f 17 quoted by Adams e t a l.  
(1985b). C ontusions were most common in  the  f r o n ta l  and 
temporal lobes, as found by Adams e t a l. (1985b). The seve rity  
o f co n tu s io n s  in  these and a lso  the  o th e r a n a to m ica l lo c a to rs  
was ve ry  s im i la r  to  th a t  found by Auaius e t  a l.  (1985b). When 
co n tu s io n s  in  the  p resen t s e r ie s  were a r b i t r a r i l y  graded as 
m ild , moderate or severe (based on to ta l contusion ind ices), i t  
became apparent th a t the source o f the d iffe re nce  in  grade was 
the seve rity  o f fro n ta l and temporal contusions, whose median 
contusion ind ices underwent a se ve ra l-fo ld  increase between the 
m ild  and severe grades. This s e le c tiv e ly  severe involvement o f
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the  f r o n ta l  and tem pora l lob es  was noted by Adams e t a l.  
(1985b). These a u th o rs  a lso  dem onstra ted th a t  con tu s io n s  are 
more severe in  p a t ie n ts  w ith  a f r a c tu r e  o f th e  s k u ll  than 
w ith o u t  a f r a c tu re .  The p re sen t s tudy co n firm e d  th is  and 
fu r th e r  showed th a t contusions were p a r t ic u la r ly  severe in  cases 
w ith  haematomas in  a d d it io n  to  f ra c tu re s .  In  g e ne ra l, the 
contusions in  th is  se ries  appear to  have c h a ra c te r is tic s  s im ila r  
to  those w hich  have been desc rib e d  p re v io u s ly  in  p a t ie n ts  o f 
sho rte r su rv iva l a f te r  head in ju ry .
I n t r a c r a n ia l  haematomas in  t h is  s e r ie s  were c la s s i f ie d  
according to  whether or not they were evacuated, mainly because 
t h is  was a p r a c t ic a l  way o f  assess ing  s iz e  and c l in i c a l  
im po rtance  re t r o s p e c t iv e ly ,  b u t a ls o  because t h is  enabled 
com parison w ith  o th e r s e r ie s . Haematomas (w he ther o r no t 
evacuated) had been present in  54% o f cases in  th is  se ries, and 
had been evacuated in  44% o f cases. In  t h e i r  c l in i c a l  s e r ie s , 
Jennett e t a l. (1977b) quote an incidence o f 51% fo r  haematomas, 
the great m a jo r ity  o f which had been evacuated neurosurg ica lly . 
In  th e  s e r ie s  o f J e l l in g e r  and S e ite lb e rg e r  (1970), however, 
th e re  were haematomas in  40% w ith  evacua tion  in  33% o f cases, 
w h ile  Adams e t a l.  (1980) gave an in c id e n ce  o f 64%, th e  g re a t 
m a jo r ity  o f which had been evacuated. Haematomas, whether taken 
o v e ra ll or as evacuated only, were associated w ith  fra c tu re s  o f 
the  s k u l l .  C ereb ra l co n tu s io n s  were more severe in  p a t ie n ts  
w ith  an in tra c ra n ia l haematoma than w ith o u t, although when the 
in te r re la t io n s  between fra c tu re s , haematomas and contusions were 
ana lysed, a f r a c tu re  o f  the  s k u ll  seemed to  be the  fa c to r  most
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c lo s e ly  l in k e d  to  s e v e r ity  o f co n tu s io n s . The median t o ta l  
c o n tu s io n  in d ic e s  were s im i la r  w he ther th e re  were co n tu s io n s  
a lone  o r to g e th e r w ith  in t r a c ra n ia l  haematomas, but increased 
m arked ly in  the  presence o f a f r a c tu re  o f  the  s k u l l  and were 
most severe in  cases w ith  the combination o f a fra c tu re  and an 
i n t r a c r a n i a l  haem atom a. In  t h i s  s e r ie s ,  f r a c t u r e s  and 
haematomas d id  no t occur a p a rt from  co n tu s io n s . Thus, those 
le s io n s  w h ich  were c la s s i f ie d  as p rim a ry  and fo c a l in  type  
tended to  occur to g e th e r.
Les ions  such as co n tu s io n s  and haematomas a re  in  genera l 
e a s ily  recognised by the naked eye a t post-mortem examination, 
a lth o u g h  haematomas may be absorbed w ith  tim e . There is  no 
doubt th a t ,  a long w ith  f ra c tu re s ,  they a re  engendered o r, a t 
le a s t  in  th e  case o f haematomas, i n i t i a t e d  a t  th e  moment o f 
impact, in  cases w ith  d if fu s e  axonal in ju ry , on the other hand, 
the bra in  o fte n  looks remarkably normal. Again, there has been 
much disagreement in  the l i te r a tu r e  regarding the ae tio logy o f 
d if fu s e  axonal in ju ry , p a r t ic u la r ly  over whether i t  is  primary 
or secondary in  o r ig in . The diagnosis o f d if fu s e  axonal in ju ry  
is  e s s e n t ia l ly  h is to lo g ic a l .  Even then, a lthough  va rio u s  
fea tu res can be recognised w ith  ord inary haematoxylin and eosin 
or m yelin s ta ins , they are considerably enhanced by the use o f 
a p p ro p r ia te  s p e c ia l s ta in s . An example is  the  W a lle r ia n  
degeneration which is  such a dramatic fe a tu re  in  cases o f in te r ­
mediate su rv iva l. Even when extensive, i t s  seve rity  can only be 
appreciated when a method such as the Marchi technique is  used 
to  id e n t ify  degenerating myelin (S tr ic h , 1956). R etraction b a ll
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fo rm a tio n  is  bes t seen in  s i lv e r  p re p a ra tio n s . I t  is  perhaps 
p a r t ly  fo r  these reasons th a t the general recogn ition  o f d iffu s e  
axonal in ju ry  was so long delayed compared w ith  the more obvious 
types  o f b ra in  damage. I t  was thus  no t u n t i l  1956 th a t  S tr ic h  
published her pioneering paper on "d iffu s e  degeneration o f the 
c e re b ra l w h ite  m a tte r" . L a te r , S t r ic h  (1961) en la rged  her 
se ries  and pointed out th a t the most s t r ik in g  fea tu re  in  cases 
o f s h o r te r  s u r v iv a l  was la rg e  numbers o f r e t r a c t io n  b a lls .  
M itc h e ll and Adams (1973) approached the re cogn ition  o f primary 
b ra in  in ju ry  from another d ire c tio n . They appreciated th a t the 
c l i n i c a l  syndrome o f p rim a ry  b ra in -s te rn  in ju r y  cou ld  a ls o  be 
caused by haemorrhage or in fa rc t io n  in  the b ra in  stem secondary 
to  th e  e f fe c ts  o f a h igh  in t r a c r a n ia l  p ressure , and th a t  th e re  
was a corresponding neuropathological d i f f i c u l t y  in  making the 
d is t in c t io n  between primary and secondary les ions  in  the bra in  
stem. Secondary changes cou ld , f o r  example, mask u n d e r ly in g  
primary les ions.
Using h is to lo g ic a l  c r i t e r ia ,  such as p ressu re  n e c ro s is  in  
the parahippocampal g y r i or c ingu la te  gyrus and necrosis o f the 
m ed ia l o c c ip i t a l  c o r te x , to  exclude cases in  w hich th e re  had 
been a h ig h  in t r a c r a n ia l  p ressure , M itc h e ll  and Adams (1973) 
were able to  is o la te  a group o f cases w ith  les ions  in  the bra in  
stem which could only be a ttr ib u te d  to  impact and were there fore  
unequivocally primary in  type. In  each case these comprised a 
fo ca l le s io n  in  the superio r ce rebe lla r peduncle and evidence o f 
axonal damage o r lo n g - t r a c t  degene ra tion , depending on th e  
le n g th  o f s u rv iv a l.  In  a l l  these cases, however, i t  was found
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th a t abno rm a lities  were not confined to  the bra in  stem but were 
also present elsewhere in  the b ra in  and always included a foca l 
le s io n  in  the corpus callosum. In  an enlarged se ries  (Adams e t 
a l . ,  1977), the  d ia g n o s tic  im po rtance  o f the  fo c a l le s io n s  was 
emphasised, p a r t ic u la r ly  since these were o ften  v is ib le  macro- 
s c o p ic a lly .  S im ila r  le s io n s  had been p resen t in  the  cases o f 
S tr ic h  (1956), bu t Adams e t a l.  (1982) endowed them w ith  new 
s ig n ifica n ce  by in troduc ing  the concept o f a d iagnostic  tr ia d . 
D if fu s e  axonal in ju r y  was d e fin e d  as fo c a l le s io n s  in  (1) the  
corpus ca llo sum , and (2) the  d o rs o la te ra l quadran t o f the  
r o s t r a l  b ra in  stem, to g e th e r w ith  (3) m ic ro sco p ic  evidence o f 
d if fu s e  damage to  w h ite  m atter. Abandoning the lack  o f evidence 
fo r  a high in tra c ra n ia l pressure as a p re re q u is ite , Adams e t a l. 
(1982) used the  d ia g n o s tic  t r ia d  to  id e n t i f y  cases o f d if fu s e  
axonal in ju ry  and characterise  th e ir  c l in ic a l  and pa tho log ica l 
fe a tu re s . In  cases o f d if fu s e  axona l in ju r y ,  compared w ith  
c o n tro ls ,  th e re  was an absence o f a lu c id  in t e r v a l ;  a h ig h e r 
in c id e n ce  o f road t r a f f i c  a c c id e n ts ; a lo w e r in c id e nce  o f 
f a l ls ;  there  were fewer fra c tu re s  o f the s k u ll and in tra c ra n ia l 
haematomas; le s s  severe co n tu s io n s ; a lo w e r in c id e nce  o f 
p ressure  n e c ro s is  in  the  parahippocam pal g y r i ;  and a s im i la r  
incidence o f hypoxic bra in  damage. This was the f i r s t  attem pt 
to  ana lyse  th e  fe a tu re s  o f d if fu s e  axonal in ju r y  o b je c t iv e ly ,  
bu t i t  has s ince  become c le a r  th a t  fo c a l le s io n s  in  the  corpus 
callosum and do rso la te ra l quadrant o f the ro s tra l b ra in  stem are 
not essen tia l to  make the diagnosis. Adams e t a l. (1985a) have 
now d e scribed  se ve ra l cases o f d i f fu s e  axonal in ju r y  which
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lacked  any fo c a l le s io n s  in  th e  c la s s ic  s i te s ,  and would have 
been unsuspected w itho u t h is to lo g ic a l  exam ina tion . I t  was in  
th e  l i g h t  o f t h is  experience  th a t  fo r  th e  purposes o f the  
p resen t study i t  was decided n o t to  base the  d ia g n o s is  o f 
d if fu s e  axonal in ju ry  on fo ca l les ions  but instead to  re v e rt to  
p u re ly  h is to lo g ic a l  c r i t e r ia .  D if fu s e  axonal in ju r y  was 
considered to  be present whenever there  was widespread evidence 
o f axonal damage as shown by r e t r a c t io n  b a lls ,  W a lle r ia n  
degeneration or dem yelination which could not be a ttr ib u te d  to  
any p ro x im a l le s io n s . In  the  p re sen t s tudy , d if fu s e  axonal 
in ju r y  as thus  d e fin e d  was second in  frequency to  con tu s io n s  
o n ly , be ing p resen t in  52% o f cases. Th is  is  a co n s id e ra b ly  
h igher p roportion  than the 13% found by Adams e t a l. (1980a) in  
th e ir  consecutive series, and also h igher than the approximation 
o f one th i r d  o f  cases in  the  experience  o f S tr ic h  (1956). The 
reasons fo r  these d isc re p a n c ie s  w i l l  be addressed below , bu t 
d i f f e r e n c e s  in  d e f i n i t i o n  a re  u n l i k e ly  to  be o f  m a jo r 
importance. Seven o f the 25 cases in  th is  study would not have 
conformed to  the  c la s s ic  t r ia d ,  bu t even i f  these had been 
excluded, the incidence o f d if fu s e  axonal in ju ry  would have been 
38%, th re e  tim e s  th a t  found by Adams e t a l.  (1980a). A l l  the  
cases would presumably have been acceptable to  S tr ic h  (1961). 
In  the present series, the other patho log ica l fin d in g s  in  cases 
o f d if fu s e  axonal in ju ry  corresponded to  those found by Adams e t 
a l. (1982) in  th a t there were fewer fra c tu re s  and in tra c ra n ia l 
haematomas, less  severe con tus ions, and p ressure  n e c ro s is  was 
less  frequent than in  cases w itho u t d iffu s e  axonal in ju ry .
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J e llin g e r  and S e ite lbe rger (1970) claimed th a t moderate to  
severe "w h ite  m a tte r  de ge n e ra tio n " was p re sen t in  about tw o - 
t h i r d s  o f  t h e i r  c a s e s  o f  p r o lo n g e d  p o s t - t r a u m a t ic  
encepha lopathy. However, i t  is  no t c le a r  what these au tho rs  
mean by w h ite  m atter degeneration. W ith th is  term, J e llin g e r 
and S e ite lbe rge r appear to  make reference to  the work o f S tr ich  
(1956) whom they quote in  t h is  c o n te x t, b u t in  t h e i r  hands i t  
seems to  denote two d is t in c t  le s io n s  o f  w h ite  m a tte r. These 
com prise  f i r s t l y ,  d if fu s e  demy e l in a t io n  in  th e  v i c in i t y  o f 
t ra u m a tic  d e fe c ts  and, second ly , d i f fu s e  de gene ra tion  o f the 
w h ite  m atte r o f the cerebra l hemispheres re s u lt in g  in  incomplete 
lo s s  o f  axons and t h e i r  m y e lin  s h e a th s  and ra n g in g  
h is t o lo g ic a l ly  from  r e t r a c t io n  b a l l  fo rm a tio n  to  d if fu s e  
dem yelination and c a v ita tio n  o f the centrum semi-ovale. I t  is  
on ly  th e  l a t t e r  type w hich appears to  correspond w ith  d if fu s e  
axonal in ju r y  as i t  is  g e n e ra lly  understood. J e l l in g e r  and 
S e ite lbe rge r (1970) p o in t out th a t in  the ana lys is  o f cerebral 
trauma a d is t in c t io n  should be made between p r i mary le s io n s  
caused by d ire c t mechanical e ffe c ts  a t the moment o f in ju ry , and 
secondary or "re a c tive " les ions  which develop p o s t-tra u m a tica lly  
as a re s u lt  o f c irc u la to ry  changes. Secondary les ions  are said 
to  in c lu d e  n o t o n ly  lo c a l changes su rround ing  m echanica l 
les ions , but a lso  foca l and d if fu s e  bra in  damage, the lo ca tio n  
and e x te n t o f w h ich  is  h ig h ly  independent o f the  im m ediate 
sequelae o f traum a, and caused by c e re b ra l and p e r ip h e ra l 
c ir c u la to r y  d is o rd e rs , p o s t- tra u m a tic  oedema and increased  
in tra c ra n ia l pressure. J e llin g e r and S e ite lbe rger l i s t  d iffu s e
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degeneration o f the w h ite  m atter under the heading o f secondary 
b ra in  damage and s ta te  th a t  i t  i s  a consequence o f severe 
cerebra l oedema. In  support o f th is  contention they po in t out 
th a t cerebra l oedema is  common in  cases o f shorte r su rv iva l and 
th a t w h ite  m atte r le s io n s  are fre q u en tly  combined w ith  vascular 
and anoxic damage to  the cortex and basal ganglia. On the other 
hand, J e ll in g e r  and S e ite lbe rge r concede th a t physical damage to  
nerve f ib re s  may be one o f the fa c to rs  underly ing d if fu s e  w hite  
m atter degeneration in  cases o f pos t-traum atic  encephalopathy, 
c i t i n g  as evidence o f p rim a ry  damage the  occurrence  o f sm a ll 
" te a rs "  and haemorrhages in  the  w h ite  m a tte r. Thus, i t  is  
concluded th a t pos t-trau m atic  degene ra tion  o f  w h ite  m a tte r  is  
due to  a "very complex e ffe c t o f degenerative changes secondary 
to  m echan ica l a l te r a t io n s  and v a s c u la r a n d /o r oedematous 
le s io n s " . Secondary le s io n s  undoubted ly occur in  cases o f 
d i f fu s e  axonal in ju r y .  In  the  p resen t s e r ie s , fo r  example, 
th e re  was hypox ic  o r ischaem ic damage in  32$ o f cases and 
pressure necrosis in  the parahippocampal gyrus in  44$ o f cases. 
Adams e t a l. (1982) found hypoxic or ischaemic damage in  49% and 
b ra in  sw e llin g  in  16$ o f th e ir  cases o f d if fu s e  axonal in ju ry , 
s im i la r  to  the  inc id e nce  o f these fe a tu re s  in  cases w ith o u t 
d i f f u s e  a x o n a l i n j u r y ,  and p re s s u re  n e c ro s is  in  th e  
parahippocampal gyrus in  56$, less o ften  than in  cases w ithou t 
d i f fu s e  axonal in ju r y .  Graham e t a l.  (1987) found d if fu s e  
axonal in ju ry  in  41$ o f a se ries o f cases w ithou t evidence o f a 
h ig h  in t r a c r a n ia l  p ressure . I t  i s  thus c le a r  th a t  d if fu s e  
axonal in ju ry  o ften  occurs in  the absence o f s ig n if ic a n t hypoxic
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or ischaemic damage or b ra in  sw e lling . More te l l in g  evidence 
against any ro le  fo r  secondary phenomena in  the pathogenesis o f 
d i f fu s e  axonal in ju r y  has now accrued from  an e xp e rim e n ta l 
model. G e n n a re lli e t  a l.  (1982) have succeeded in  rep roduc ing  
d if fu s e  axonal in ju r y  in  p r im a te s  by a c c e le ra t in g  th e  head 
w ith o u t  im pa c t, and have s tre sse d  the  absence o f hypox ic  or 
ischaemic damage in  the neocortex or cerebellum, and the absence 
o f hypoxaemia.
A n a ly s is  o f  th e  frequency and type  o f fo c a l le s io n s  in  the  
corpus callosum and d o rso la te ra l quadrant o f the ro s tra l b ra in  
stem in  the cases o f d if fu s e  axonal in ju ry  in  the present series 
showed th a t  m acroscop ic le s io n s  in  both  s i te s  were p resen t in  
52% o f  the  cases and th a t ,  in c lu d in g  m ic ro sco p ic  le s io n s , the  
d ia g n o s tic  t r ia d  o f  Adams e t a l.  (1982) was f u l f i l l e d  in  on ly  
72% o f the cases. I t  may be argued th a t the passage o f tim e may 
have obscured small les ions, but i t  is  u n lik e ly  th a t they would 
have escaped de tection  in  a ca re fu l m icroscopic examination o f 
corpus ca llosum  and b ra in  stem. In  any case, the  g re a te r  
frequency o f fo c a l le s io n s  in  the  corpus ca llosum  than in  the 
d o rs o la te ra l quadran t o f the  r o s t r a l  b ra in  stem is  in  keeping 
w ith  experimental find ings. G ennare lli e t a l. (1982) showed in  
th e ir  prim ate model o f d iffu s e  axonal in ju ry  th a t fo ca l les ions 
occu rred  p r e fe r e n t ia l ly  in  the  corpus ca llosum , and th a t  w ith  
in c re a s in g  c l in i c a l  s e v e r ity ,  as judged by le n g th  o f p o s t-  
tra u m a tic  coma and q u a l i ty  o f s u rv iv a l,  fo c a l le s io n s  a lso  
appeared in  the  b ra in  stem. T h is  formed the  ra t io n a le  fo r  a 
numerical grading o f d iffu s e  axonal in ju ry , v iz . grade 1 ( le a s t
severe) -  no fo ca l les ion s  present; grade 2 -  a fo ca l les io n
in  th e  corpus ca llosum  bu t no t in  th e  re g io n  o f th e  s u p e r io r  
ce re b e lla r peduncle; and, grade 3 (most severe) -  fo ca l les ions 
in  both  th e  corpus ca llosum  and th e  re g io n  o f the  s u p e r io r  
c e re b e lla r  peduncle. On th is  ba s is , and u s ing  the  same 
c r i t e r ia ,  g ra d in g  o f d i f fu s e  axonal in ju r y  was c a r r ie d  out in  
the present study. The m a jo r ity  o f cases, 72%, were c la s s if ie d  
as grade 3, 24% as grade 2, and 4% as grade 1. W h ile  i t  may be 
suspected th a t  t h is  system is  ra th e r  crude, i t  d id  appear to  
have c l i n i c a l  re levance  in  th a t  th e re  was a r e la t io n  between 
outcome and grade o f d if fu s e  axonal in ju ry . An idea l method o f 
g ra d in g  th e  s e v e r ity  o f  d if fu s e  axonal in ju r y  would d i r e c t ly  
q u a n t ify  the  amount o f w h ite  m a tte r  damage. T h is , however, 
poses fo rm idab le  lo g is t ic  problems, not only due to  changes in  
h is t o lo g ic a l  appearances w ith  the  passage o f t im e , b u t a lso  
because th e  d is t r ib u t io n  o f th e  fe a tu re s  v a r ie s  co n s id e ra b ly  
between cases and w ith in  the  in d iv id u a l b ra in . Thus i t  is  
common to  f in d  th a t the d iffu s e  axonal in ju ry  is  asymmetrical, 
or invo lves one t ra c t  w ith  sparing o f an adjacent t ra c t,  or one 
le v e l  o f th e  b ra in  stem but no t another. The s ig n if ic a n c e  o f 
Marchi p o s it iv i ty  is  p a r t ic u la r ly  d i f f i c u l t  to  assess a t e ith e r 
extrem e o f th e  p e rio d  o f  t im e  over w hich th is  occurs, and th e  
q u a n t if ic a t io n  o f ra re fa c tio n  o f w h ite  m atter, or demyelination, 
or g lio s is ,  is  extremely sub jective .
Another fea tu re  found by S tr ic h  (1956, 1961) in  her cases o f 
d if fu s e  degeneration o f the w h ite  m atter was an inconspicuous 
a s t r o c y t ic  re a c t io n  c o n s is t in g  o f  a few plump a s tro c y te s  and
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o c ca s io n a l clumps o f g l i a l  c e l ls  o r g l i a l  s ta rs . Adams e t a l.  
(1977) comment on the presence o f numerous m ic ro g lia l s ta rs  in  
t h e i r  cases o f  d i f fu s e  b ra in  damage o f im m edia te  im pact type. 
In  the present study, they were a constant fea tu res o f cases o f 
d if fu s e  axonal in ju ry  o f up to  18 months s u rv iva l, but were also 
found in  17 o f 20 cases w itho u t d if fu s e  axonal in ju ry  w ith in  the 
same p e rio d . A d is t in g u is h in g  fe a tu re  was th a t  in  the  cases 
w ith  d if fu s e  axonal in ju ry , m ic ro g lia l c lu s te rs  were much more 
numerous and tended to  have a c h a ra c te r is tic  d is tr ib u t io n . They 
tended to  occur in  s u p e rf ic ia l ra the r than deep w h ite  m atter, to  
be medial ra th e r than la te ra l and superio r ra the r than in fe r io r  
in  th e  c e re b ra l hem ispheres. There was th e re fo re  a marked 
p re d ile c t io n  fo r  the p a ra sa g itta l w h ite  m atter, corresponding to  
th e  areas o f maximum d e m y e lin a tio n  seen in  o th e r cases o f 
d if fu s e  axonal in ju ry  in  th is  series. In  cases w ith o u t d if fu s e  
axonal in ju ry , m ic ro g lia l c lu s te rs  were scanty and appeared to  
be randomly d is tr ib u te d .
Both C la rk  (1974) and Oppenheimer (1968) found m ic r o g l ia l  
c lu s t e r s  to  be common a f t e r  a head i n ju r y ,  b u t t h e i r  
in v e s t ig a t io n s  were based on unse lec ted  cases o f va r io u s  
s u rv iv a ls  and c l in ic a l  outcomes inc lud ing  some who had recovered 
from b r ie f  concussion (Oppenheimer) and f u l ly  conscious p a tien ts  
(C la rk ) as w e ll as cases o f more severe b ra in  damage. These 
observations, and the presence o f m ic ro g lia l c lu s te rs  in  cases 
from the present study w ithou t o ther fea tures o f d if fu s e  axonal 
in ju ry , m ight suggest th a t there is  a spectrum o f d if fu s e  axonal 
in ju ry  in  which the m ild e r forms are characterised by m ic ro g lia l
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c lu s te rs  only. M ic ro g lia l c lu s te rs , however, are not s p e c if ic  
fo r  head in ju r y ,  as suggested by Oppenheimer (1968), bu t have 
a ls o  been a sso c ia te d  w ith  hypox ic  b ra in  damage ( M itc h e l l  and 
Adams, 1973), v i r a l  diseases o f the nervous system and neuronal 
degeneration o f unknown ae tio logy such as motor neuron disease 
(Brownell and Tomlinson, 1984). Thus m ic ro g lia l c lu s te rs  seem 
to  be a n o n -s p e c if ic  re a c t io n  to  some types o f w h ite  m a tte r 
damage, and th e re  may be reasons o th e r than traum a fo r  the  
occurrence  o f o cca s io n a l m ic r o g l ia l  c lu s te rs  in  cases w ithou t 
d if fu s e  axonal in ju ry .
Sm all le s io n s  a p p a re n tly  o f  v a s c u la r o r ig in  a re  common in  
d if fu s e  axonal in ju ry . S tr ic h  (1956) noted sm all haemorrhages 
and soften ings in  w h ite  m atter, sm all c o r t ic a l in fa rc ts  a t the 
bottom o f s u lc i,  and sc le ro s is  o f the hippocampi. J e ll in g e r  and 
S e ite lb e rg e r  (1970) d e scrib ed , as aspects  o f w h ite  m a tte r 
degeneration, sm all fo ca l necroses w ith  or w itho u t haemosiderin 
and sm all pe rivascu la r necroses. (This la t t e r  type is  c le a r ly  
u n re la te d  to  d if fu s e  axonal in ju r y  s ince  the  examples g iven 
in c lu d e  tem pora l and o c c ip i t a l  le s io n s  due to  te n to r ia l  
h e rn ia tio n  and compression o f the p o s te rio r cerebra l a rte r ie s ). 
Scattered sm all haemorrhages were described in  cases o f "shear 
in ju r y  o f  the  b ra in "  ( i .e .  d if fu s e  axonal in ju r y )  by P eerless 
and Rew castle (1967). Some o f these le s io n s  o c c u rr in g  in  
p a r t ic u la r  s ite s  are d e a lt w ith  in d iv id u a lly  in  the l i te ra tu re .  
V o ig t e t a l. (1977) investiga ted  haemorrhagic les ions  near the 
superio r margin o f the cerebral hemispheres, w ith in  the cortex 
o r su bcortica l w h ite  m atter, and designated these as " ro ta tio n a l
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cerebra l in ju r ie s  near the superio r margin o f the brain". These 
were p re sen t in  11% o f cases o f head in ju r y ,  bu t in  those 
s u rv iv in g  more than one week were a sso c ia te d  w ith  r e t r a c t io n  
b a l ls  bo th  around and d is ta n t  from  ve sse ls . Adams e t a l.  
(1986b) used the term g lid in g  contusions (a fte r  Lindenberg and 
Freytag (1960)) fo r  les ions  o f th is  k ind and found th a t although 
they a lso occurred in  the absence o f d if fu s e  axonal in ju ry , they 
were more frequent in  cases w ith  d if fu s e  axonal in ju ry .
S u lc a l in f a r c t s  were p ro b a b ly  in c lu d e d  w i t h  g l i d in g  
co n tu s io n s  by V o ig t e t  a l.  (1977) and Adams e t a l.  (1986b) bu t 
were tre a te d  se p a ra te ly  in  the  p resen t s tudy. A lthough these 
le s io n s  a re  o fte n  found to g e th e r in  th e  d o rsa l paramedian 
re g io n s  o f  the  c e re b ra l hem ispheres, a d is t in c t io n  is  w o rth  
making because s u lc a l in f a r c t s  can occur w ith o u t,  o r d is ta n t  
from, g lid in g  contusions. I t  is  o f in te re s t th a t the nature o f 
su lca l in fa rc ts  in  th is  se ries  had not always been appreciated 
previously since they had o ften  been m is in te rp re ted  as ischaemic 
b ra in  damage o f boundary zone type . T h is  is  no t s u rp r is in g  in  
v iew  o f the  frequency o f these le s io n s  in  th e  re g io n  o f the 
boundary zones between the  t e r r i t o r ie s  o f the  a n te r io r  and 
m idd le  c e re b ra l a r te r ie s .  In  t h is  re ga rd , i t  i s  s ig n i f ic a n t  
th a t  Adams e t a l.  (1982) re p o r t  th a t  boundary-zone hypoxic  
damage was p re sen t in  40% o f t h e i r  cases o f d if fu s e  axonal 
in ju ry , in  marked con tras t to  i t s  absence from any o f the cases 
in  the  p re sen t s tudy. The p resen t study thus a f fo rd s  fu r th e r  
evidence fo r  the lack  o f s ig n if ic a n t secondary bra in  damage in  
d if fu s e  axonal in ju ry . Janzer and Friede (1979) have described
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" p e r is u lc a l in f a r c t s "  in  hypo te ns ive  p a t ie n ts  who had no t 
sustained a head in ju ry , but these cons titu ted  true  in fa rc t io n  
o f  the  c e re b ra l c o r te x  w ith in  s u lc i ,  accentua ted  in  a r t e r ia l  
boundary zones. Broelsch and Gerhard (1970) studied hippocampal 
le s io n s  and found them to  be common. In  only a sm all percentage 
was th e re  s e le c t iv e  n e c ro s is  o f  th e  type  a sso c ia te d  w ith  
hypox ia : in  th e  v a s t m a jo r i ty  th e  le s io n s , w h ich  in c lu d e d
haemorrhages, were re la te d  to  vesse ls . D if fu s e  axonal in ju r y  
was not taken in to  account by these authors.
G rd e v ic  (1982) has s e t  f o r t h  a r e c u r r e n t  p a t te r n  o f  
"p r im a ry "  fo c a l,  m a in ly  h a e m o rrh a g ic , le s io n s  w h ic h  he 
designated as "inne r cerebra l trauma". This comprises les ions  
in  the  corpus ca llo sum , septum p e llu c id u m  and fo r n ix ,  te la  
cho ro idea  and ch o ro id  p lexus , around th e  v e n t r ic le s ,  in  the  
c in g u la te  gyrus , and in  the  basal g a n g lia  and tha lam us. 
C o lle c tiv e ly , Grdevic emphasised, these form a b u t te r f ly  pa tte rn  
ra d ia t in g  from  the  la t e r a l  v e n t r ic le s .  T h is  " in n e r  c e re b ra l 
traum a" is  f re q u e n t ly  a sso c ia te d  w ith  "outer cerebra l trauma" 
( i .e .  le s io n s  in  the  p a ra s a g it ta l and hippocam pal re g io n s ) and 
a ls o  w ith  fo c a l le s io n s  in  the  b ra in  stem, p a r t ic u la r ly  the  
"upper la te ra l quadrants" o f the  m id b ra in . G rd ev ib 's  work can 
be c r i t ic is e d  in  th a t i t  is  not c le a r on what grounds cases w ith  
secondary les ions  were excluded from h is  study, since he h im se lf 
c la im s  th a t  the  m o rp h o lo g ica l d is t in c t io n  between primary and 
secondary le s io n s  i s  v i r t u a l l y  im p o s s ib le  in  th e  hippocam pal 
re g io n  and very  d i f f i c u l t  in  the  b ra in  stem. There is  no 
reference to  degeneration o f w h ite  m atter except w ith  regard to
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some c h ro n ic  cases o f  in n e r  c e r e b r a l  tra u m a  in  w h ic h  
p e r iv e n t r ic u la r  le s io n s  were a sso c ia te d  w ith  pa rave n tricu la r 
d e m y e lin a tio n  and s c le ro s is  o f the  type  described  by S tr ic h  
(1956). T h is  was regarded by GrCevid as fu r th e r  evidence o f 
primary damage, but aggravated by secondary phenomena (oedema 
and v a s c u la r  d is tu rb a n c e ) as p a r t  o f a process o f "p o s t-  
traum atic  cerebra l disease".
In  th e  p re sen t s e r ie s  th e re  was a s tro n g  r e la t io n  between 
d if fu s e  axonal in ju ry  and su lca l in fa rc ts , g lid in g  contusions, 
m u lt ip le  v a s c u la r  le s io n s  in  th e  w h ite  m a tte r, and v a s c u la r 
le s io n s  in  the  h ippocam pi. There was a le s s  marked bu t 
s ta t is t ic a l ly  s ig n if ic a n t re la t io n  between d iffu s e  axonal in ju ry  
and vascular les ions  in  the region o f the basal ganglia. In  the 
p re sen t s e r ie s  m u lt ip le  v a s c u la r le s io n s  in  th e  w h ite  m a tte r 
were most common in  the temporal and fro n ta l lobes, showing th a t 
les ions  o f th is  k ind are more w ide ly d is tr ib u te d  in  the cerebral 
hemispheres than Grdevid (1982) ind ica ted.
Vascular les ions  thus tend to  be w ide ly scattered, but are 
h is t o lo g ic a l ly  s im i la r  re g a rd le s s  o f lo c a t io n . There is  no 
reason why a l l  these le s io n s  should no t be taken to g e th e r as a 
s in g le  e n t i t y ,  whose fe a tu re s  j u s t i f y  the  d e s ig n a tio n  o f 
" d i f fu s e  v a s c u la r in ju r y " .  I t  i s  necessary, however, to  
co n s id e r the  s p e c i f ic i t y  o f  v a s c u la r le s io n s  fo r  trauma. Fat 
embolism is  another cond ition  associated w ith  m u lt ip le  petech ia l 
haemorrhages in  w h ite  m atte r, and i t  is  possib le  th a t evidence 
o f these cou ld  p e rs is t  f o r  long  p e rio d s . Only one case o f 
pro longed s u rv iv a l a f t e r  f a t  embolism seems to  have been
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describ e d  in  th e  l i t e r a t u r e  (M cTaggart and Neubuerger, 1970). 
This p a tie n t, who d id  not rece ive a head in ju ry , was hypotensive 
and comatose before developing the fea tu res o f f a t  embolism and 
then rem ained s e ve re ly  d is a b le d  f o r  seven years. Neuro- 
pa tho log ica l examination demonstrated e x te n s ive  d e m y e lin a tio n  
a sso c ia te d  w ith  many m inu te  c lu s te rs  o f h aem o s id e rin -la d e n  
c e l ls ,  b u t a lso  s c a tte re d  areas o f neurona l lo s s  in  the  second 
and t h i r d  la y e rs  o f th e  c e re b ra l c o rte x  and in  th e  h ippocam pi. 
Tne e a r iy  onset o f coma, the  f a i lu r e  to  make a good re co ve ry , 
and the extent o f dem yelination are not ty p ic a l o f fa t  embolism, 
and the h is to lo g ic a l fea tu res a t le a s t ra ise  the p o s s ib i l i ty  o f 
d i f fu s e  hypox ic  b ra in  damage. M a jor in ju r ie s  were p resen t in  
35% o f cases in  the  p re sen t s e r ie s  and in c lu d e d  s k e le ta l 
in ju r ie s  in  33%, bu t in  none o f these was th e  d ia g n o s is  o f  f a t  
embolism e n te r ta in e d  c l i n i c a l l y .  Fea tu res such as g l id in g  
contusions and su lca l in fa rc ts  are prominent in  d if fu s e  vascular 
in ju r y ,  bu t are  no t found in  f a t  em bolism . Thus n e ith e r  
c l in ic a l  nor h is to lo g ic a l fea tu res would support a diagnosis o f 
fa t  embolism, a t le a s t in  the m a jo r ity  o f cases.
The le s io n s  o f d i f fu s e  v a s c u la r in ju r y  a re  u s u a lly  m inute  
and ( in  g e n e ra l) u n lik e ly  to  c o n tr ib u te  m a te r ia l ly  to  the 
c l in i c a l  outcome, a lthough  i t  is  p o s s ib le  th a t  they may g ive  
r is e  to  la rg e r  haematomas. T h is  m ig h t account f o r  the d o rsa l 
paramedian haematomas which o r ig in a lly  cons titu ted  the g lid in g  
contusions o f Lindenberg and Freytag (1960), and the deep in t r a ­
cerebra l ("basal ganglia") haematomas which Adams e t a l. (1986a) 
found to  be associated w ith  d iffu s e  axonal in ju ry . Haemorrhagic
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in fa r c t io n s  found in  th e  re g io n  o f the  basal g a n g lia  in  two 
cases o f d i f fu s e  axonal in ju r y  in  the  p re sen t s e r ie s  may have 
been o f s im ila r  pathogenesis. The main s ig n ifica n ce  o f d iffu s e  
vascu lar in ju ry , however, l ie s  in  i t s  re la t io n  to  d iffu s e  axonal 
in ju r y  as shown in  the  p resen t s tudy. Adams e t a l.  (1987) 
reproduced fo c a l haem orrhagic le s io n s  in  the  w h ite  m a tte r o f 
subhuman prim ates subjected to  co n tro lle d  angular acce le ra tion  
o f  the  head ( th e  same process w hich  produces d if fu s e  axonal 
in ju ry )  and demonstrated by e lec tron  microscopy th a t there were 
marked morphological changes in  endo the lia l c e lls  close to  the 
le s io n s . D if fu s e  v a s c u la r in ju r y ,  however, does no t seem to  
p a ra lle l d if fu s e  axonal in ju ry  p re c ise ly : there  were cases in
the  p re sen t s e r ie s  w ith  v a s c u la r le s io n s  in  the  absence o f 
axonal in ju r y .  S im ila r ly  G e n n a re lli e t a l.  (1982) in  t h e i r  
e xp e rim e n ta l an im a l model d e sc rib e  v a s c u la r le s io n s  in  the  
hippocampus, analogous to  those found in  the present se ries  in  
cases both  w ith  and w ith o u t d if fu s e  axonal in ju r y .  T h is  may 
sim ply re f le c t  a spectrum o f seve rity  a t the m ild e r end o f which 
the ty p ic a l les ions  o f d if fu s e  axonal in ju ry  do not occur or are 
more d i f f i c u l t  to  id e n t ify  than the vascular les ions. I t  may be 
more a p p ro p r ia te  to  th in k  in  te rm s o f p rim a ry  d if fu s e  b ra in  
damage ra th e r than simply "axonal" o r "vascular" in ju ry .
I t  is  im portan t in  a system atic ana lys is o f the e ffe c ts  o f 
trauma on th e  b ra in  to  d is t in g u is h  p rim a ry  le s io n s  ( i.e . 
engendered a t the moment o f impact) from secondary les ions (i.e . 
occurring la te r ) .  One im portant group o f secondary les ions is  
b rough t about by h ig h  in t r a c r a n ia l  p ressure , and post-m ortem
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evidence fo r  a h igh  p ressure  is  thus  p a r t ic u la r ly  re le v a n t to  
the  c la s s i f i c a t io n  o f  in fa r c t io n  in  the  b ra in  o r b ra in  stem. 
Adams and Graham (1976) took various signs o f in te rn a l s h i f t  and 
h e rn ia t io n  and assessed t h e i r  r e la t io n  to  the  in t r a c r a n ia l  
p ressu re  as recorded in  l i f e .  They found th a t  n e c ro s is  in  the  
parahippocam pal gyrus is  the  o n ly  fe a tu re  w hich c o r re la te s  
c lo s e ly  w ith  a s ig n i f i c a n t ly  h igh  in t r a c r a n ia l  p ressure. 
Lindenberg (1955) appears to  have o rig in a te d  the term "pressure 
necrosis" fo r  th is  le s io n , and K lin tw o rth  (1968) believed th a t 
n e c ro s is  and haem orrhage  in  th e  p a ra h ip p o c a m p a l g y ru s  
c o n s t itu te d  unequ ivoca l evidence o f tra n s te n to r ia l he rn ia tion , 
although n e ith e r o f these authors ju s t i f ie d  th e ir  observations 
in  terms o f the actua l in tra c ra n ia l pressure as measured during 
l i f e .  In  the present se ries  there was pressure necrosis in  one 
o r bo th  parahippocam pal g y r i  in  58% o f th e  cases. Th is  is  
considerably le ss  frequent than the 83% o f cases found by Adams 
e t a l. (1980a) in  th e ir  se ries  o f pa tien ts  mainly su rv iv ing  less 
than one month a f te r  in ju ry . W h ils t haematomas in  general (i.e . 
evacuated plus non-evacuated) were not s ig n if ic a n t ly  associated 
w ith  pressure necrosis, evacuated haematomas were, suggesting  
th a t  th e  c r i t e r io n  o f evacua tion  does p ro v id e  re tro s p e c t iv e  
evidence th a t  the  haematomas were la rg e . I t  was o f in te r e s t ,  
however, th a t  in  the  p resen t study th e re  were 5 cases w ith o u t 
pressure necrosis in  which haematomas had been evacuated. This 
may s im p ly  r e f le c t  the  s iz e  o f the  haematomas concerned, 
although Adams and Graham (1976) found th a t some o f th e ir  cases 
known to  have had a s ig n if ic a n t ly  high in tra c ra n ia l pressure did
1 19
no t e x h ib i t  p ressu re  n e c ro s is . One p o s s ib le  reason fo r  the  
absence o f pressure necrosis (a t le a s t a t the c la ss ic  s ite )  may 
be a n a to m ica l v a r ia t io n  in  th e  s iz e  o f the  te n to r ia l  opening 
(C o r s e l l is ,  1958). G rdevid  (1982) had m is g iv in g s  about the 
s p e c i f ic i t y  o f n e c ro s is  in  th e  parahippocam pal gyrus fo r  an 
elevated in tra c ra n ia l pressure and believed th a t in  some cases 
th is  was another m an ifes ta tion  o f '’ou ter cerebral trauma" (i.e . 
p r im a ry  b ra in  damage). T h is  is  p o s s ib le , b u t in  the  p resen t 
study necrosis in  the parahippocampal gyrus was present only in  
a m in o r ity  o f cases w ith  d if fu s e  axonal in ju ry  (espec ia lly  a fte r  
e x c lu s io n  o f those w ith  a co n com ita n t evacuated haematoma). 
B ra in  s w e ll in g  is  known to  occur w ith  d if fu s e  axonal in ju r y  
(Adams e t a l . ,  1982) and is  one p o s s ib le  cause o f a h igh  
in tra c ra n ia l pressure in  these cases.
I t  i s  common to  f in d  a llu s io n s  to  the  d i f f i c u l t y  o f 
d is tin g u is h in g  primary and secondary les ions  in  the bra in  stem 
(e.g. B r ic o lo  and R izzu to , 1976; Rosenblum e t a l . ,  1981; 
G rCevid, 1982; J e l l in g e r ,  1983). The la c k  o f d ia g n o s tic  
c r i t e r ia  has tended to  produce co n fu s in g  and ra th e r  a r b it r a r y  
c la s s i f ic a t io n s  o f b ra in -s te rn  le s io n s . B r ic o lo  and R izzu to  
(1976) addressed th e  problem in  a s e r ie s  o f 25 p o s t- tra u m a tic  
p a t ie n ts  who s u rv iv e d  from  2 days to  7 years in  a comatose or 
"a p a llic "  s ta te . Lesions in  the bra in  stem were found in  84% o f 
the cases, and included "haemorrhages, soften ings, n e rve -fib re  
les ions , and in fe c tio n s ". Only 24% o f the cases were thought 
to  represent primary brain-stem  damage o f the type described by 
M itc h e l l  and Adams (1973): th e re  was damage to  th e  s u p e r io r
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ce re be lla r peduncles w ith  s im ila r  les ions  in  the corpus callosum 
in  h a l f  o f th e  cases, a lthough  ty p ic a l  secondary le s io n s  were 
a ls o  sa id  to  be p resen t. The b ra in -s te rn  le s io n s  in  the 
remaining cases o f B rico lo  and R izzuto (1976) were regarded by 
them as secondary in  type, despite  the presence o f "ne rve -fib re  
le s io n s "  and le s io n s  in  th e  corpus ca llosum  in  a lm os t a l l  o f 
these cases. These authors concluded th a t brain-stern damage is  
m a in ly  o f secondary o r ig in  even in  those p a t ie n ts  in  whom 
immediate loss  o f consciousness suggests a primary le s io n  o f the 
b ra in  stem. P e te rs  and Rothemund (1977) examined 20 cases o f 
the "a p a llic "  syndrome and found th a t in  a l l  o f these there were 
b ra in -s te rn  le s io n s , the  m a jo r ity  o f w hich were " c le a r ly "  o f  a 
secondary nature: a major fa c to r  in  th is  in te rp re ta t io n  seems
to  have been c o -e x is te n t  evidence o f t e n to r ia l  h e rn ia t io n . 
J e ll in g e r  and S e ite lbe rger (1970) id e n tif ie d  brain-stern les ions 
in  83% o f  t h e i r  cases o f  p r o t r a c te d  p o s t - t r a u m a t ic  
encephalopathy. A secondary o r ig in  f o r  the  m a jo r i ty  o f these 
was considered to  be in  keeping w ith  the frequency o f evidence 
o f ra ised in tra c ra n ia l pressure. In  the same paper, J e llin g e r 
and S e ite lbe rge r d is tingu ished  two types o f secondary brain-stern 
damage. These were re s p e c t iv e ly  fo c a l and d if fu s e .  Focal 
le s io n s  were p resen t in  65% o f t h e i r  p a t ie n ts  w ith  p ro tra c te d  
pos t-traum atic  encephalopathy. The s tru c tu res  involved were the 
f lo o r  o f the th ird  v e n tr ic le  and periaqueductal grey m atter ( in  
6%), these s i te s  p lu s  le s io n s  e lsew here in  the  b ra in  stem ( in  
31$), and the tegmentum o f the pons and m idbrain ( in  30%). The 
tegmental les ions  ev idently  included "s u p e rfic ia l so ften ings" in
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the d o rso la te ra l tegmentum and tectum o f the m id-bra in  inc lud ing  
the quadrigem inal p la te , the ro s tra l pontine tegmentum inc lud ing  
the  velum m e d u lla re  a n te r iu s  and the d o rs o la te ra l tegmentum. 
J e ll in g e r  and S e ite lbe rge r p ro ffe red  the explanation th a t these 
le s io n s  were due to  com pression by the  f re e  edge o f the 
tentorium . While th e ir  sm all s ize  and pe riphe ra l d is t r ib u t io n  
were c o n tra s te d  w ith  the  la rg e  c e n tra l le s io n s  found in  acute 
cases, th is  was simply taken as evidence fo r  d if fe re n t  fa c to rs  
in  the  p ro d u c tio n  o f these d i f f e r e n t  types o f "secondary" 
le s io n .  The o th e r  ty p e  o f  se conda ry  b ra in -s te rn  le s io n  
i d e n t i f i e d  by J e l l i n g e r  and S e i te lb e r g e r  (1970) was 
characterised by d iffu s e  g lio s is ,  p a r t ic u la r ly  in  the tegmentum, 
and which they ca lled  " g l ia l  dystrophy". The cause o f th is  was 
aga in  assumed to  be ra is e d  in t r a c r a n ia l  p ressu re  a lthough  
comparisons were also made w ith  c e n tra l p o n tin e  m y e lin o ly s is ,  
which was thought to  be a re la ted  process. Each o f the types o f 
le s io n  id e n t if ie d  by J e llin g e r  and S e ite lbe rger (1970) has been 
d e scribe d  in  d if fu s e  axonal in ju r y .  The d is t r ib u t io n  o f the  
fo c a l le s io n s  corresponds to  th a t  found in  d if fu s e  axonal 
in ju r y ,  and i t  is  l i k e l y  th a t  the  g l i a l  dys trophy was in  fa c t  
re la te d  to  lo n g - tra c t degeneration as a re s u lt o f d if fu s e  axonal 
in ju r y .  I t  i s  d i f f i c u l t  to  avo id  th e  c o n c lu s io n  th a t  
J e l l in g e r  and S e ite lb e rg e r  (1970) no t o n ly  m isunderstood the 
mechanisms underly ing primary and secondary les ions but, more 
im po rta n tly , fa i le d  to  recognise the changes o f d if fu s e  axonal 
in ju r y  in  th e  b ra in  stem. U n fo rtu n a te ly  fo r  purposes o f 
comparison, th e ir  data may w e ll have included genuine secondary
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le s io n s  in  th e  b ra in  stem. J e l l in g e r  in  h is  more re ce n t 
p u b lic a t io n s  (1977, 1983) co n tin u e s  to  emphasise the  ro le  o f 
secondary brain-stern les ions  in  the grea t m a jo rity  o f cases o f 
the a p a ll ic  syndrome.
I t  i s  c le a r  t h a t  th e  m ost im p o r ta n t  f a c t o r  in  th e  
in te r p r e ta t io n  o f  fo c a l le s io n s  in  the  b ra in  stem is  the  
presence o r absence o f d if fu s e  axonal in ju r y .  D if fu s e  axonal 
in ju ry  is  associated w ith  a p a r t ic u la r  type and pa tte rn  o f foca l 
les ions , o ften  haemorrhagic and usua lly  s itua ted  in  the dorso­
la te ra l quadrant(s). Any study o f traum atic  brain-stern les ions 
w hich f a i l s  to  take  d if fu s e  axonal in ju r y  in to  account, o r 
bases in te rp re ta t io n  so le ly  on the presence o f pressure necrosis 
is  fundamentally flawed.
In  th e  p re sen t s tudy , fo c a l le s io n s  in  th e  b ra in  stem were 
found in  th e  absence o f d i f fu s e  axonal in ju r y  in  29% o f cases, 
in  a l l  o f w hich th e re  was evidence o f a h igh  in t r a c r a n ia l  
pressure. In  the m a jo rity  o f cases the les ions  were v is ib le  
m a c ro s c o p ic a lly , and the  p a tte rn  was c o n s is te n t w ith  a 
secondary a e tio lo g y . The le s io n s  in  the  rem ainder were a 
m isce llan e o u s  group c o n s is t in g  o f m inu te  fo c i  o f g l io s is  o r 
in f a r c t io n ,  o n ly  id e n t i f ie d  m ic ro s c o p ic a lly :  these were o f
u n c e rta in  s ig n if ic a n c e . There are no data in  the  l i t e r a t u r e ,  
based on s im ila r  d iagnostic  c r i te r ia ,  w ith  which the incidence 
o f secondary brain-stern les ions in  th is  study can be compared. 
Even the (otherw ise) comprehensive study o f Adams e t a l. (1980a) 
g ives no in d ic a tio n  o f how commonly secondary brain-stern les ions 
occurred in  th e ir  series.
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The in te r p r e ta t io n  o f hypox ic  and ischaem ic damage in  the  
b ra in  is  much less  contentious than fo r  d if fu s e  axonal in ju ry  or 
fo c a l le s io n s  in  th e  b ra in  stem. The d e f in i t i v e  study is  
probably th a t o f Graham, Adams and Doyle (1978), although th is  
is  based on a se ries  o f p a tie n ts  the m a jo rity  o f whom liv e d  fo r  
le s s  than one month a f te r  in ju r y .  J e l l in g e r  and S e ite lb e rg e r  
(1970) a lso  re fe r  to  hypoxic and ischaemic bra in  damage in  th e ir  
s e r ie s  o f  p a t ie n t s  w i t h  p r o t r a c t e d  p o s t - t r a u m a  t i c  
encephalopathy.
D if fu s e  hypox ic  b ra in  damage was p resen t in  4% o f the  
present se ries , s im ila r  to  the f ig u re  o f 5% obtained by Graham, 
Adams and Doyle (1978) b u t le s s  than th e  11% inc id e nce  in  the  
s e r ie s  o f  J e l l in g e r  and S e ite lb e rg e r  (1970). Ischaem ic b ra in  
damage o f boundary-zone d is t r ib u t io n  was present in  10% o f the 
cases in  the present series, again s im ila r  to  the incidence o f 
9% found by Graham, Adams and Doyle (1978); J e l l in g e r  and 
S e ite lbe rger (1970) d id  not specify  th is  type o f les ion . In  the 
present se ries  there  was an in te re s tin g  pa tte rn  associated w ith  
ischaem ic  damage o f boundary-zone typ e : th e re  was s u b to ta l
d if fu s e  neurona l lo s s  from  the  tha lam us in  fo u r  o f th e  f iv e  
cases. Adams e t a l.  (1966) described  d i f f e r e n t  p a tte rn s  o f 
b ra in  damage due to  sys tem ic  hypotension . These in c lu d e  
ischaem ic  damage concen tra ted  in  a r t e r ia l  boundary zones, 
together w ith  va ria b le  damage in  the basal ganglia, but ra re ly  
in vo lv in g  the thalamus; and, g e n e ra lise d  ischaem ic damage in  
th e  cerebrum and ce re be llu m , sp a rin g  th e  h ippocam pi but 
accompanied by severe damage to  the  thalam us. The cases o f
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boundary zone ischaem ic  damage in  the  p resen t study appear to  
com b ine  fe a tu r e s  o f  each o f  th e s e  p a t te rn s .  A s im i la r  
d is t r ib u t io n  o f damage was produced experim enta lly by Nicholson 
e t a l. (1970) in  a hypotensive subhuman primate.
In fa r c t io n  in v o lv in g  the  t e r r i t o r ie s  o f the  p r in c ip a l 
a r te r ie s  supplying the cerebrum and cerebellum was present in  
35% o f cases in  th e  p resen t s tudy. T h is  is  s im i la r  to  the 
incidence found by Graham, Adams and Doyle (1978) although th e ir  
data a re  no t d i r e c t ly  com parable. J e l l in g e r  and S e ite lb e rg e r  
(1970) found involvem ent o f the o c c ip ita l lobes in  13% o f th e ir  
cases. In fa r c t io n  in v o lv in g  the  basal g a n g lia , in te rn a l 
capsules or diencephalon was id e n t if ie d  in  29% o f cases in  the 
p re sen t s e r ie s , c o n s id e ra b ly  le s s  than the  f ig u r e  o f  79%, 
r e fe r r in g  to  th e  basal g a n g lia  and tha lam us, g iven  by Graham, 
Adams and Doyle (1978). J e ll in g e r  and S e ite lbe rger (1970) found 
les io ns  in  the basal ganglia  in  65% o f cases and in  the thalamus 
in  40%, bu t commented on the  d i f f i c u l t y  o f d e c id in g  whether 
sm all necroses and haemorrhages in  th a t region were primary or 
secondary.
In  th e  p re sen t s e r ie s , p ressure  n e c ro s is  in  one or both 
parahippocampal g y r i was present in  the m a jo rity  o f cases w ith  
ischaem ic  damage, an a s s o c ia t io n  w hich was s t a t i s t i c a l l y  
s ig n i f ic a n t  f o r  in fa r c t io n  in  the  t e r r i t o r y  o f the  p o s te r io r  
c e re b ra l a r te r y ,  and in  th e  g lobus p a ll id u s ,  tha lam us o r 
in te r n a l  capsule . Graham, Adams and Doyle (1978) showed 
p ressu re  n e c ro s is  was more fre q u e n t in  cases w ith  ischaem ic 
le s io n s  in  the  hippocampus and basal g a n g lia , b u t was no t
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s ig n if ic a n t ly  associated w ith  ischaemic damage in  the cerebrum 
o r ce re be llu m  ( le s io n s  in  the  m ed ia l o c c ip i t a l  c o rte x  were 
excluded from th e ir  s ta t is t ic a l  analys is).
The p re sen t s e r ie s  is  ex tre m e ly  heterogeneous in  te rm s o f 
th e  le s io n s  p re sen t. I t  seems reasonab le  th a t  c l in ic o -  
p a th o lo g ic a l c o r r e la t io n  ought to  take  in to  account both the  
co m b in a tio n  o f  le s io n s  p resen t, and th e  s e v e r ity  o f le s io n s . 
These are fa c to rs  which have barely been considered in  the past, 
as d i f f e r e n t  au th o rs  pressed th e  c la im s  o f  one type  o f le s io n  
against another as the cause o f pos t-traum atic  d is a b i l i ty .
D if fu s e  axonal in ju r y  was p re sen t in  ju s t  over h a l f  the 
cases and c o n s t itu te d  the  most common type  o f d if fu s e  b ra in  
damage. In  a few cases th is  was the  on ly  le s io n , bu t in  the  
g re a t m a jo r i ty  o f cases w ith  d i f fu s e  axonal in ju r y  th e re  was 
a lso  contusional or ischaemic damage. The contusions, however, 
were m ild  in  h a l f  o f these cases, and ischaem ic  b ra in  damage, 
when p re s e n t,  to o k  th e  fo rm  o f  i n f a r c t i o n  in  a r t e r i a l  
te r r i t o r ie s  o r in  the region o f the basal ganglia, so th a t these 
a d d it io n a l le s io n s  were e s s e n t ia l ly  fo c a l in  d is t r ib u t io n .  
There was no case in  the s e r ie s  in  w hich d if fu s e  o r boundary- 
zone h y p o x ic /is ch a e m ic  damage was found together w ith  d iffu s e  
axonal in ju r y .  S tr ic h  (1956) emphasised the  absence o f o th e r 
types o f le s io n  from  her cases o f d if fu s e  degenera tion  o f 
c e re b ra l w h ite  m a tte r , r e fe r r in g  in  p a r t ic u la r  to  f ra c tu re s ,  
haematomas and any other than t r i v i a l  contusions. On the other 
hand, Adams e t a l.  (1982) in  t h e i r  la rg e r  s e r ie s  o f cases o f 
d if fu s e  axonal in ju ry  d id  f in d  fra c tu re s  o f the s k u ll and in t ra ­
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c ra n ia l haematomas in  a p roportion  o f cases, although less  o ften  
than in  cases w ith o u t  d i f fu s e  axonal in ju r y ,  and th a t  w h ile  
co n tu s io n s  were o fte n  p re sen t, they tended to  be le s s  severe 
than in  cases w ith o u t d if fu s e  axonal in ju ry . I t  is  l ik e ly  th a t 
fo c a l le s io n s  are  r e la t iv e ly  u n im p o rta n t in  the  co n te x t o f 
d i f fu s e  axonal in ju r y ,  p a r t ic u la r ly  in  those cases w ith  the  
profound disturbance o f consciousness w hich c h a ra c te r is e s  the 
v e g e ta t iv e  s ta te  o r pro longed coma. When G e n n a re lli e t a l.
(1982) reproduced d if fu s e  axona l in ju r y  e x p e r im e n ta lly  in  
subhuman p rim a te s , t h is  was a sso c ia te d  w ith  coma o r severe 
d is a b i l i t y  although the la t t e r  was defined simply as " s u f f ic ie n t  
n e u ro lo g ic a l im pa irm en t to  p rec lude  e a tin g  and d r in k in g 11. 
G e n n a re lli e t  a l.  (1982) devised a s im p le  method o f g rad ing  
d i f fu s e  axonal in ju r y  in  t h e i r  an im a l model. When th is  was 
applied to  the present series, the outcome in  general was found 
to  depend on the grade o f d if fu s e  axonal in ju ry . The reason fo r  
t h is  is  n o t im m e d ia te ly  c le a r ,  s ince  the  fo c a l le s io n s  in  the  
corpus callosum and do rso la te ra l quadrant o f the b ra in  stem, on 
w hich  the  g ra d in g  method is  based, are  sm a ll and u n lik e ly  in  
them se lves to  account fo r  d if fe re n c e s  in  the  n e u ro lo g ic a l 
outcome. The most l i k e l y  e x p la n a tio n  is  th a t  the  presence o f 
these fo c a l le s io n s  r e f le c ts  the  s e v e r ity  o f d i f fu s e  axonal 
damage. Fu rthe rm ore , w hether a p a t ie n t  becomes v e g e ta tiv e  
ra th e r  than se ve re ly  d isa b le d , o r a subhuman p rim a te  is  in  
p ro longed coma ra th e r  than "se ve re ly  d is a b le d ” (G e n n a re lli e t 
a l . ,  1982), seems to  be re la te d  to  th e  presence o f a fo c a l 
le s io n  in  the do rso la te ra l quadrant o f the ro s tra l b ra in  stem.
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I t  may be th a t  the  s e v e r ity  o f axonal damage in  the  b ra in  stem 
is  o f p a r t ic u la r  importance in  determ ining the outcome. There 
were e xce p tio n s  to  t h is  p r in c ip le  in  the  p resen t s e r ie s , i.e . 
cases w ith  le s s e r  grades o f d if fu s e  axonal in ju r y  who were 
v e g e ta tiv e  o r comatose, bu t i t  is  p o s s ib le  th a t  the  re le v a n t 
foca l les ions  were fo r  some reason not id e n tif ie d .
In  cases w ith o u t d if fu s e  axonal in ju r y ,  i t  was more 
d i f f i c u l t  to  assess th e  r e la t iv e  c o n tr ib u t io n s  o f the  va rio u s  
types  o f  le s io n  p resen t. Thus, in  every case w ith  a secondary 
le s io n  in  th e  b ra in  stem, o th e r le s io n s  were p resen t in  the  
c e re b ra l hem ispheres o r ce re be llu m , w ith  w ide  v a r ia t io n  in  
se ve rity  between cases. Hypoxic or ischaemic b ra in  damage, fo r  
example, was p resen t in  a l l  bu t one o f these cases and ranged 
from  in f a r c t io n  in  a r t e r ia l  t e r r i t o r ie s  to  boundary-zone 
ischaem ic  o r d if fu s e  hypoxic b ra in  damage. In  the  absence o f 
d if fu s e  hypoxic or boundary-zone ischaemic damage, a macroscopic 
secondary b ra in -s te rn  le s io n  appeared to  be a sso c ia te d  w ith  a 
v e g e ta tiv e  s ta te  o r pro longed coma. The tegmentum o f the  
m idbra in was almost always involved, usua lly  together w ith  the 
pontine tegmentum. This is  in  keeping w ith  non-traum atic b ra in ­
stem in fa rc t io n  causing disturbance o f consciousness (Plum and 
Posner, 1980). The c l in i c a l  s ig n if ic a n c e  o f those le s io n s  
designated as m icroscopic secondary brain-stern les ions  was more 
u n c e rta in . None o f the  p a t ie n ts  w ith  th is  type  o f le s io n  was 
v e g e ta tiv e , and in  each case th e re  was a lso  h yp o x ic /isch a e m ic  
damage or severe contusions which may have been responsible fo r  
severe d is a b i l i ty .  I t  is  possib le th a t these m icroscopic b ra in ­
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stem les ions  were re la t iv e ly  unimportant.
D iffu se  hypoxic o r boundary-zone ischaemic damage tended to  
be associated w ith  the vegeta tive  s ta te  or prolonged coma. I t  
is  possib le  th a t the severe outcome in  cases w ith  boundary-zone 
ischaemic damage was p a rtly  re la ted  to  d iffu s e  involvement o f 
th e  tha lam us in  most o f these cases. In  th e  absence o f a 
m acroscop ic secondary b ra in -s te rn  le s io n , in f a r c t io n  w ith in  
a r te r ia l  t e r r i t o r ie s  or in  the region o f the basal ganglia was 
associated w ith  severe d is a b i l i ty .  The purpose o f inc lud ing  a 
p o s s ib le  example o f  the  ’ lo c k e d - in *  syndrome was to  draw 
a t te n t io n  to  th e  very profound degree o f d is a b i l i t y  th a t  can 
re s u lt  from very sm all but s t r a te g ic a l ly - p la c e d  in fa r c ts .  In  
t h is  p a t ie n t ,  s m a ll b i la t e r a l  in f a r c ts  in vo lv ing  the in te rn a l 
capsu les produced a q u a s i-v e g e ta t iv e  s ta te . The f in d in g s  in  
t h is  case bore a s u p e r f ic ia l  resemblance to  d if fu s e  axonal 
in ju r y  in  th a t  the  b ra in  was a lm os t norm al m a c ro s c o p ic a lly , 
w h ile  on m icroscopic examination the most s t r ik in g  fin d in g  was 
b i la te ra l sym m etrical W alle rian degenera tion  in  the  pyram ida l 
t r a c ts .  W ith o u t a c a re fu l n euro pa th o lo g ica l examination, the 
u n d e r ly in g  in fa r c ts  cou ld  e a s ily  have been m issed. B i la te r a l  
in fa r c t io n s  in v o lv in g  the  in te rn a l capsules were found in  3 
o ther cases in  the series, but in  a l l  o f these there were other 
le s io n s , such as a m acroscopic b ra in -s te rn  le s io n  o r boundary- 
zone ischaem ic  damage w ith  th a la m ic  in vo lvem en t, w hich a lso  
con tribu ted  to  the c l in ic a l  outcome.
In  general, the outcome in  each case could be re la ted  to  the 
se ve rity  or exten t o f d iffu s e  axonal in ju ry , hypoxic/ischaemic
129
b ra in  damage, or a secondary les io n  in  the b ra in  stem. At f i r s t  
considera tion , contusions appeared to  be re la t iv e ly  unimportant,
in  keeping w ith  th e ir  e s s e n tia lly  foca l and s u p e rf ic ia l nature 
in  many o f the cases. Analysis o f the seve rity  o f contusions in  
r e la t io n  to  o th e r  types  o f le s io n  and outcome tended to  
s u b s ta n t ia te  t h is  v ie w , in  th a t  th e re  was a lm o s t an in ve rse  
re la t io n  between seve rity  o f outcome and to ta l  contusion index. 
This was most marked in  cases w ith  d iffu s e  axonal in ju ry : the
co n tu s io n s  in  v e g e ta tiv e  p a t ie n ts  tended to  be m ild  and 
c o n s id e ra b ly  le s s  severe than in  those who were seve re ly  
d is a b le d . In  cases w ith  h y p o x ic /is c h a e m ic  damage a n d /o r a 
secondary le s io n  in  the bra in  stem, the median to ta l contusion 
in d ic e s  were s im i la r  in  each outcome group. There were, 
however, three fu r th e r  cases in  which there was the su rp ris in g  
fin d in g  th a t contusional damage was ostensib ly  the only les ion  
present to  account fo r  the c l in ic a l  outcome. One o f these was a 
v e g e ta tiv e  p a t ie n t  w ith  the  h ig h e s t equal con tu s io n  index 
recorded in  the se ries, but these cases nevertheless seemed to  
be anomalous. I t  is  p o s s ib le  th a t  some o th e r u n id e n t i f ie d  
le s io n  in  r e a l i t y  accounted fo r  the  c l in i c a l  outcome, perhaps 
masked by th e  s e v e r ity  o f the  co n tu s io n a l damage. D if fu s e  
axonal in ju r y  would be one p o s s ib i l i t y ,  a lthough  one o f these 
cases had experienced a lu c id  in te rv a l.
When the  le s io n s  w hich appeared to  c o n tr ib u te  most to  the  
outcome in  each case were id e n t i f ie d ,  d i f fu s e  axonal in ju r y  
emerged as the  most common (52% o f cases), fo llo w e d  by 
h y p o x ic /is c h a e m ic  b ra in  damage (23%)» then h yp o x ic /isch a e m ic
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b ra in  damage together w ith  a macroscopic secondary le s io n  in  the 
b ra in  stem (17$). D if fu s e  axonal in ju r y  was th e  most common 
c a u s e  o f  th e  v e g e t a t i v e  s t a t e  and was se co n d  to  
hypoxic/ischaem ic damage, w ith  or w ithou t a secondary les ion  in  
the  b ra in  stem, as the  cause o f p ro longed coma o r severe 
d is a b i l i t y .  Grade 3 d if fu s e  axonal in ju ry , d if fu s e  hypoxic and 
boundary-zone ischaemic damage together accounted fo r  the great 
m a jo r ity  (86$) o f  cases o f the  v e g e ta tiv e  s ta te  o r pro longed 
coma. The r e la t io n  between a lu c id  in te r v a l  and the  le s io n  
co n tr ib u tin g  most to  outcome was examined. This confirmed the 
absence o f a lu c id  in te rv a l in  cases w ith  d if fu s e  axonal in ju ry , 
as in  p re v io u s  s tu d ie s  (S tr ic h , 1956; Adams e t a l . ,  1982). In  
a lm o s t a l l  the  cases w ith  a lu c id  in te r v a l ,  secondary le s io n s  
were confirmed to  be present.
The developm ent o f an in t r a c r a n ia l  haematoma is  o f m a jor 
s ig n if ic a n c e  c l i n i c a l l y  s ince  t h is  may p r e c ip i ta te  a r is e  in  
in tra c ra n ia l pressure w ith  secondary damage to  the b ra in  stem. 
The cases in  the  p resen t s e r ie s  were d iv id e d  in to  two groups 
according to  whether or not a haematoma had been evacuated, and 
then ana lysed w ith  re sp e c t to  the  main le s io n s  p resen t. Th is 
showed th a t in  p a tien ts  in  whom a haematoma had been evacuated, 
secondary les io ns  were the most common cause o f a poor outcome, 
although d iffu s e  axonal in ju ry  was present in  almost a quarter 
o f  these cases. Adams e t a l.  (1982), however, found in t r a ­
c ra n ia l haematomas ( la rg e  enough to  a c t as space-occupying 
le s io n s )  in  11$ o f  t h e i r  s e r ie s  o f cases w ith  d if fu s e  axonal 
in ju r y .  In  those cases w ith o u t evacua tion  o f a haematoma,
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d if fu s e  axonal in ju ry  was by fa r  the most common les ion  in  the 
p re se n t s e r ie s , a lthough  in  a sm a ll number o f these secondary 
les ion s  were a lso present.
H ydrocephalus is  known to  be common a f te r  head in ju r y ,  
p a r t ic u la r ly  in  p a t ie n ts  o f lo n g e r s u rv iv a l.  J e l l in g e r  and 
S e ite lbe rge r (1970) found hydrocephalus in  50% o f th e ir  series 
o f p os t-traum a tic  encephalopathy. In  the present se ries i t  was 
deemed to  be present in  65% o f those cases analysed, based on an 
a rb it ra ry  upper l im i t  o f normal fo r  the v e n tr ic le /b ra in  ra t io  in  
a s ing le  b ra in  s lic e  o f 5.5%, a value which compares w ith  those 
o f  5% in  a post-m ortem  study (Hubbard and Anderson, 1981) and 
7.7% in  an ante-mortem ra d io lo g ica l study (Meyers e t a l. , 1983), 
b e a rin g  in  mind th a t  th e  v e n t r ic le s  are known to  decrease in  
s ize  a f te r  death (Sarwar and McCormick, 1978). S tr ich  (1956) in  
her cases o f d if fu s e  degeneration o f the cerebra l w h ite  m atter 
a t t r ib u te d  hydrocephalus to  lo s s  o f w h ite  m a tte r. F o llo w in g  
t h is  up, Meyers e t  a l.  (1983) d is t in g u is h e d  r a d io lo g ic a l ly  
between e a r ly  and la te  v e n t r ic u la r  en largem ent acco rd ing  to  
w h e th e r t h i s  o c c u rre d  b e fo re  o r  a f t e r  30 days. N euro­
p s y c h o lo g ic a l te s t  perform ance was found to  be re la te d  to  
v e n tr ic u la r  size only when enlargement was delayed, and i t  was 
postu lated th a t delayed hydrocephalus is  due to  d iffu s e  axonal 
in ju ry  and hypoxic/ischaem ic damage. In  the present series, the 
degree o f hydrocephalus tended to  increase  w ith  tim e  in  cases 
bo th  w ith  d if fu s e  le s io n s  and w ith  fo c a l le s io n s  o n ly . The 
c o rre la tio n  w ith  duration  o f su rv iva l was strongest fo r  pa tien ts  
in  a v e g e ta tiv e  s ta te  due to  d if fu s e  axonal in ju r y .  The two
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most severe examples o f hydrocephalus in  the present se ries  were 
in  cases o f long  s u rv iv a l re s p e c t iv e ly  w ith  d if fu s e  hypox ic  
b ra in  damage and d if fu s e  axonal in ju ry . An o r ig in  ex vacuo was 
most l ik e ly  in  these and was probably re levan t in  most o f the 
remaining cases. Although no d e f in ite  cause o f obs truc tion  was 
fo u n d , i t  i s  d i f f i c u l t  to  e x c lu d e  th e  p o s s ib i l i t y  o f  
compensated o b s tru c tive  hydrocephalus. In  general, the present 
s tu d y  shed l i t t l e  l i g h t  on th e  p re c is e  m echanism s o f  
hydrocephalus.
Hydrocephalus, whether ex vacuo or o b s tru c tive  in  type, is  a 
c o m p lic a tio n  o f head in ju r y  w hich bears a more o r le s s  d ir e c t  
re la t io n s h ip  to  b ra in  damage received a t the tim e o f in ju ry  or 
i t s  im m edia te  a fte rm a th . In  v e g e ta tiv e  o r se ve re ly  d isa b le d  
pa tien ts , o ther com plications may a rise  which are unrelated to  
the o r ig in a l in ju ry . There were three such cases in  the present 
series. One o f these had c l in ic a l  and pa tho log ica l fea tures o f 
cerebro-vascular disease which con tribu ted  to  severe d is a b il i ty .  
The o th e r  tw o  cases w ere  e xam p les  o f  r a re  d is e a s e s  o f  
n u tr i t io n a l or m etabolic o r ig in , presumably consequences o f the 
d e b i l i t a te d  s ta te s  o f these p a tie n ts . As a sp o rad ic  d isease, 
pe llagra  is  v i r tu a l ly  confined to  malnourished a lco ho lics , and a 
search o f th e  l i t e r a t u r e  has fa i le d  to  id e n t i f y  any p rev iou s  
case e ith e r  in  a post-traum atic  p a tie n t or as a com plica tion o f 
long-term  a r t i f i c i a l  n u tr it io n . In  the case described here, any 
r e la t io n  w ith  a lc o h o l can be ru le d  ou t. I t  i s  l i k e l y  th a t  
de fic iency o f n iac in  derived from the substances used fo r  tube 
feeding. The other case o f in te re s t in  th is  context was one in
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w hich  th e  fe a tu re s  o f  c e n t r a l  p o n t in e  m y e l in o ly s is  and 
M a rch ia fa va -B ign am i d isease  were combined. C e n tra l p o n tin e  
m y e lin o ly s is  is  ano th e r d isease w hich  tends to  be asso c ia te d  
w ith  a lcohol abuse (Goebel and Herman-Ben Zur, 1975), although 
re ce n tly  the ro le  o f f lu id  and e le c tro ly te  disturbances has been 
emphasised bo th  c l i n i c a l l y  (Cam bier e t a l.  1977; Oda e t a l. ,  
1984) and experim enta lly  (Laureno, 1983). A few post-traum atic  
cases o f ce n tra l pontine m ye lin o lys is  have been described, not 
o n ly  in  the  acu te  phase (S e ite lb e rg e r  and Jonasch, 1970), bu t 
a lso  in  p a tie n ts  o f long su rv iva l w ith  e le c tro ly te  disturbances, 
in c lu d in g  a v e g e ta tiv e  c h i ld  (M ina u f and J e l l in g e r ,  1970) and 
tw o q u a d r ip le g ic  a d u lts  (K a ln in s  e t a l . ,  1984). M a rch ia fa va - 
B ignam i d isease , on the  o th e r hand, appears to  be v i r t u a l l y  
exclusive to  a lco h o lics  (Brion, 1975). A combination o f cen tra l 
pontine m ye lin o lys is  and M archia fava-B ignam i d isease has been 
d escrib ed  in  o n ly  4 cases (T a ris ka , 1967; S he rins  and V e r ity ,  
1968; Ghatak e t a l . ,  1978; Regadera e t  a l . ,  1983). A l l  these 
p a t ie n ts ,  however, were a lc o h o lic s  w ith  no h is to ry  o f  trauma. 
Previous a lcohol consumption may have been re levan t in  the case 
described in  the present study, but access to  a lcohol during the 
th re e  year p e rio d  o f severe d is a b i l i t y  seems h ig h ly  u n lik e ly .  
An a lte r n a t iv e  e xp la n a tio n  may be th a t  le s io n s  in  the  corpus 
callosum form pa rt o f a spectrum o f ce n tra l pontine m ye lino lys is  
associated w ith  m u lt ip le  dem yelinating les ions  in  the cerebral 
hem ispheres (K a ln in s  e t a l. ,  1984; Cambier e t  a l. ,  1977; 
F in la yso n  e t a l . ,  1973; Oda e t a l . ,  1984).
Perhaps the most im portant fin d in g  o f the present study is
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th a t d if fu s e  axonal in ju ry  was the cause o f the vegeta tive  s ta te  
o r severe d is a b i l i t y  in  over h a l f  the  cases in  the  s e r ie s , and 
g re a tly  outnumbered the o ther p r in c ip a l causes o f poor outcome, 
namely hypoxic/ischaem ic b ra in  damage and secondary les ions  in  
the b ra in  stem. How does th is  se ries compare w ith  other surveys 
o f b ra in  damage a f t e r  head in ju r y ,  n o ta b ly  those o f J e l l in g e r  
and S e ite lb e rg e r  (1970) and Adams e t a l.  (1980a)? I t  m igh t be 
argued th a t a l l  these stud ies are s im ila r  in  th a t they are based 
on p a t ie n ts  who were comatose a f te r  a severe head in ju r y  and 
died prematurely, in  some cases a f te r  "recovery” to  a vegeta tive  
s ta te  o r severe d is a b i l i t y .  The most im p o rta n t d if fe re n c e  
between the three se ries  is  probably the dura tion  o f su rv iva l o f 
the pa tien ts . The re la t iv e  numbers o f pa tien ts  respec tive ly  in  
coma, a v e g e ta tiv e  s ta te  o r severe d is a b i l i t y  must depend to  
some e x te n t on th e  le n g th  o f s u rv iv a l.  The p resen t s e r ie s  and 
th a t  o f J e l l in g e r  and S e ite lb e rg e r  (1970) a re  s m a ll, a llo w in g  
p o te n t ia l  f o r  chance v a r ia t io n  in  the  p ro p o r t io n  o f  va r io u s  
types o f b ra in  damage. A llow ing, however, fo r  major d iffe rences 
in  in te rp re ta tio n , i t  is  l ik e ly  th a t d if fu s e  axonal in ju ry  was 
th e  m ost common cause o f  p r o t r a c te d  p o s t - t r a u m a t ic  
encephalopathy in  the  s e r ie s  o f J e l l in g e r  and S e ite lb e rg e r
(1970). What has come to  l ig h t  are the sub s tan tia l d iffe rences 
between th e  p resen t s e r ie s  o f p a t ie n ts  l i v i n g  lo n g e r than a 
month and th a t  o f Adams e t a l.  (1980a), the  m a jo r ity  o f whose 
cases l iv e d  fo r  less  than one month. S p e c if ic a lly , Adams e t a l. 
(1980a) found a much low er incidence o f d if fu s e  axonal in ju ry , 
am ounting to  o n ly  13% o f cases. S ince the  inc id e nce  and types
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o f hypoxic/ischaem ic b ra in  damage are b road ly  s im i la r  between 
th e  p re sen t s e r ie s  and th a t  o f Adams e t a l.  (1980a) (w ith  the  
exception o f in fa rc t io n  in  the basal gang lia ), the im p lic a tio n  
is  th a t  a h igh  p ro p o r t io n  o f deaths in  th e  s e r ie s  o f Adams e t 
a l.  (1980a) were due to  c o m p lic a tio n s  o f  the  o r ig in a l  in ju r y  
le a d in g  to  secondary le s io n s  in  th e  b ra in  stem. The h igh  
in c id e n ce  o f in f a r c t io n  in  the  basal g a n g lia  and tha lam us 
(Graham, Adams and Doyle, 1978) is  in  keeping w ith  th is  
suggestion. I t  would appear th a t secondary les ions  in  the bra in 
stem, in  c o n tra s t  w ith  d if fu s e  axonal in ju r y ,  tend n o t to  be 
com patible w ith  long su rv iva l. Any se ries  o f pa tien ts  su rv iv ing  
the acute period a f te r  a head in ju ry  is  thus l ik e ly  to  contain a 
re la t iv e ly  high p roportion  o f cases w ith  d if fu s e  axonal in ju ry .
S ince d if fu s e  axonal in ju r y  is  such a common cause o f the  
vegeta tive  s ta te  and severe d is a b i l i ty  a f te r  head in ju ry , i t  is  
l i k e l y  to  be a common cause o f le s s  severe p o s t- tra u m a tic  
d is a b i l i ty .  M ild  d if fu s e  axonal in ju ry  ( i.e . grade 1, as in  the 
p re se n t s tudy) was id e n t i f ie d  by P i lz  (1983a) in  11% o f an 
unselected se ries  o f fa ta l  head in ju r ie s . Graham e t a l. (1989) 
id e n t if ie d  a group o f p a tien ts  who experienced a complete lu c id  
in te rv a l,  and were the re fo re  considered to  have sustained m ild  
head in ju r ie s  a lthough  they subsequently  d ied  as a r e s u lt  o f 
com plica tions such as in tra c ra n ia l haematomas. Grade 1 d iffu s e  
axonal in ju r y  was p resen t in  o n ly  3% o f  these cases. The 
im p lic a tio n  o f the work o f Oppenheimer (1968) and C lark (197*0 
on m ic r o g l ia l  c lu s te rs  is  th a t  m ild  d if fu s e  axonal in ju r y  is  
more common than these stud ies o f P ilz  (1983a) and Graham e t a l.
136
(1989) suggest. Research on m ild  head in ju r y  in  e xp e rim e n ta l 
a n im a ls  has now id e n t i f ie d  m ino r axonal changes s h o r t o f 
re tra c tio n  b a ll fo rm ation, in c lu d in g  degeneration and apparent 
fra g m e n ta tio n  o f axons (G e n n a re lli e t a l . ,  1983) and axonal 
s w e ll in g  (P o v lis h o c k  e t  a l . ,  1983). I t  should be p o s s ib le  to  
id e n t ify  corresponding changes in  humans. What is  required is  a 
d e ta ile d  and s y s te m a tic  autopsy study o f p a t ie n ts  w ith  m ild  
head in ju r y ,  w ith  a v iew  to  id e n t i f y in g  and assessing  the  
s e v e r ity  o f d i f fu s e  axona l in ju r y ,  p a r t ic u la r ly  a t  the  m ild e r  
end o f th e  spectrum , a t  d i f f e r e n t  s tages o f  s u rv iv a l.  One day 
i t  may be possib le  to  show th a t the basis o f the w e ll recognised 
m ino r n e u ro p sych o lo g ica l sequelae a f te r  head in ju ry  (Symonds, 
1962; Barth e t a l. 1983) is  d if fu s e  axonal in ju ry .
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ILLUSTRATIONS
F ig . 5=1 Case 16. Severe ly  d i s a b le d ,  s u r v i v a l  54 days. 
B i l a t e r a l  e x t e n s i v e  te m p o ra l  c o n tu s io n s .  On l e f t  s ide  these
i n v o l v e  deep w h i t e  m a t t e r  (depth  grade 4) and l a t e r a l  and 
i n f e r i o r  s u r f a c e s  o f  the  lobe  ( e x t e n t  grade 3), hence con tus ion  
index o f  12 f o r  t h i s  loca to r .  B i l a t e r a l  temporal haematomas were 
evacuated n e u r o s u r g i c a l l y .  Smal l  abscess (a rrowed)  i s  seen 
bes ide  l e f t  t e m p o ra l  horn. There i s  r e s i d u a l  m i l d  v e n t r i c u l a r  
d i l a t a t i o n  a f t e r  t rea tment  of  obs t ruc t i v e  hydrocephalus.
F i g .  5 .2  Case 19. Severe ly  d i s a b le d ,  s u r v i v a l  59 days. 
Residual l e f t  temporal  haematoma a f t e r  evacuat ion o f  burs t  l e f t  
t e m p o ra l  lo be .  There i s  a p e r s i s t e n t  s u p r a c a l l o s a l  he rn ia  on 
l e f t  side. Moderate asymmetr ical  hydrocephalus also present.
VF i g .  6.1 Case 20. V e g e t a t i v e ,  s u r v i v a l  59 days. D i f f u s e  
axona l  i n j u r y :  r e t r a c t i o n  b a l l s  (a r ro w )  i n  b a s is  p o n t i s .
Coarse v a c u o l a t i o n  o f  n e u r o p i l  i s  a c h a r a c t e r i s t i c  f e a tu re .  
Palmgren, x 250.
M m m
ju  * V
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F i g .  6 .2  Same case as F ig .  6.1. L o n g - t r a c t  d eg ene ra t ion  
ind ica ted  by presence o f  l i p i d - l a d e n  phagocytes (arrow) in  de­
scending t r a c t s  o f  basis pont is.  Haematoxyl in and eosin, x 250.
' - M S
F i g .  6 .3  Case 3^. Severe ly  d i s a b le d ,  s u r v i v a l  157 days. 
D i f f u s e  axona l  i n j u r y :  W a l l e r i a n  d e g e n e ra t io n  o f  rnye l in
( s ta i n e d  b la c k ) .  There i s  a s y m m e t r i c a l  in v o lv e m e n t  o f  long
t r a c t s  in  the pons (a), and the medul la (b). Marchi.
F ig .  6.4 Case 44. V e g e t a t i v e ,  s u r v i v a l  s i x  yea rs .  D i f f u s e  
axona l  i n j u r y :  derny el  ina t i o n  dem on s t ra te d  by p a l l o r  o f
s t a i n i n g ,  p r e d o m in a n t l y  p a r a s a g i t t a l .  C e l l o i d i n  s e c t io n ,
Woeleke.
F ig .  6.5 Same case as F ig .  6.4. D i f f u s e  axona l  i n j u r y :  de­
my e l i n a t i o n  apparent to  naked eye as shrunken grey ish t issue  a t  
d o rs a l  paramedian re g io n s  o f  c e r e b r a l  hemispheres.  S u lc a l  
i n f a r c t s  are present (arrows).  Cerebral atrophy i s  ind ica ted  by 
widening o f  s u l c i  and moderately severe hydrocephalus.
F i g .  6.6  Case 27. V e g e t a t i v e ,  s u r v i v a l  86 days. D i f f u s e  
axona l  i n j u r y :  p igmented  c y s t i c  f o c a l  l e s i o n  i n  corpus
cal losum. S i m i l a r l y  pigmented s t reaks in  dorsa l  paramedian areas 
o f  ce rebra l  hemispheres are g l i d i n g  contusions.
F ig .  6.7 Case 9. Vegetat ive,  s u r v iv a l  38 days. D i f fus e  axonal 
i n j u r y :  f o c a l  h a e m o r rhag ic  l e s i o n  i n  s u p e r i o r  c e r e b e l l a r
pedunc le  (arrow).
F i g .  6.8 Case 46. V e g e t a t i v e ,  s u r v i v a l  8 y ea rs  6 months. 
D i f f u s e  axona l  i n j u r y :  c y s t i c  f o c a l  l e s i o n  i n  s u p e r i o r
c e r e b e l l a r  pedunc le  seen m a c r o s c o p i c a l l y  (a ) ,  and m i c r o ­
s c o p ic a l l y  (b). (b) Phosphotungstic ac id  haematoxy l in,  x 25.
F i g .  6 .9  Case 29. V e g e t a t i v e ,  s u r v i v a l  95 days. D i f f u s e  
axona l  i n j u r y :  m i c r o g l i a l  c l u s t e r .  2 0 j j  p a r a f f i n  s e c t io n ,
c re s y l  v i o l e t ,  x 400.
F i g .  6 .10  Case 13- V e g e ta t i v e ,  s u r v i v a l  43 days. D i f f u s e  
axonal i n j u r y :  numerous m ic r o g l i a l  c lu s te r s  (arrows) in  wh i te
m a t t e r  o f  o c c i p i t a l  lobe  (a) and c e r e b e l lu m  (b).  C e l l o i d i n
sec t ion ,  N iss l  x 40.
F i g .  6.11 Case 3* V e g e t a t i v e ,  s u r v i v a l  30 days. D i f f u s e  
axonal i n j u r y / d i f f u s e  vascu la r  i n ju r y .  Pigmented c y s t i c  i n f a r c t  
on l e f t  s id e  i n v o l v i n g  head o f  cauda te  nuc leus  and i n t e r n a l  
c a p s u l e .  T h e re  i s  a m i n u t e  haematoma i n  t h e  r i g h t  pes 
h ippocam p i .  (See a l s o  F ig .  6.1 5).
aF ig . 6 .12  Case 13. V e g e t a t i v e ,  s u r v i v a l  43 days. D i f f u s e  
ax o n a l  i n j u r y / d i f f u s e  v a s c u la r  i n j u r y .  Foca l  l e s i o n  in  corpus 
cal losum extended over whole leng th  o f  corpus cal losum. Vascular 
l e s i o n s  i n c l u d e  s u l c a l  i n f a r c t  and a d ja c e n t  g l i d i n g  c on tus ion  
( a r r o w )  (a) and s c a t t e r e d  m in u te  le s io n s  (arrowheads) in  corpus 
s t r i a tu m  and thalamus (a and b). Smal l  haematoma in  head o f  l e f t  
caudate nucleus may be re la ted  to  i n t r a v e n t r i c u l a r  cannulat ion.
F i g .  6 .13  Case 13. V e g e ta t i v e ,  s u r v i v a l  43 days. D i f f u s e  
axonal i n j u r y :  su lca l  i n f a r c t .  C e l l c i d i n  sec t ion ,  N iss l ,  x 40.
Fig. 6.14 Case 13. V e g e t a t i v e ,  s u r v i v a l  43 days. D i f f u s e  
axona l  i n j u r y :  g l i d i n g  c o n tu s io n  in  s u p e r i o r  f r o n t a l  gyrus
r e p r e s e n te d  by l i n e a r  zone o f  haemos ider in - laden macrophages.
There i s  i n t e n s e  g l i o s i s  i n  t h e  s u r r o u n d i n g  pa renchym a .
C e l l o i d i n  sect ion ,  N iss l ,  x 40.
Fig. 6.15  Case 3- V e g e t a t i v e ,  s u r v i v a l  30 days. D i f f u s e  
vascu la r  i n j u r y :  m u l t i p l e  vascu lar  le s ions  in  wh i te  matter  o f
t e m p o r a l  l o b e  as r e v e a l e d  by p e r i v a s c u l a r  d e p o s i t s  o f
haemosider in.  C e l l o id in  sect ion ,  Peris,  x 40.
Fig. 7.1 Case 18. V e g e ta t i v e ,  s u r v i v a l  57 days. P rev ious  
t e n t o r i a l  h e r n ia t i o n  marked by l i n e a r  zone of  pressure necrosis
(arrows).  Secondary i n f a r c t i o n  in  b ra in  stem also seen (shown
b e t t e r  i n  F ig .  7 .3 ) .
F i g .  7 .2  (Same case as F ig .  7.1).  I n f a r c t i o n  secondary to  
ra ised  i n t r a c r a n i a l  pressure. This invo lves  globus p a l l i d u s  and 
h y po tha lam us  on r i g h t  s ide  (a),  and r i g h t  tha lamus,  l e f t  sub­
t h a l a m i c  r e g i o n  and t e r r i t o r i e s  o f  bo th  p o s t e r i o r  c e r e b r a l  
a r t e r i e s  (b). Groove formed by t e n t o r i a l  h e r n i a t i o n  i s  a l s o  
shown (arrow).
F ig .  73  (Same ease as F igs .  7.1 and 7.2).  C y s t i c  i n f a r c t i o n  in  
tegmentum o f  m i d - b r a i n ,  secondary t o  r a i s e d  i n t r a c r a n i a l  
pressure.
■’V*-—*• .
F i g .  7 .4  Case 14. S e ve re ly  d i s a b le d ,  s u r v i v a l  47 days. 
P re v io u s  t e n t o r i a l  h e r n i a t i o n  i n d i c a t e d  by wedge o f  p ressu re  
necros is  seen h i s t o l o g i c a l l y .  C e l l o id in  sect ion ,  N iss l .
F ig .  7.5 Case 6. Prolonged coma, s u r v iv a l  34 days. Haematoma 
in  pons secondary to  ra ised i n t r a c r a n i a l  pressure.
F ig .  7.6 Case 5. Prolonged coma, s u r v iv a l  33 days. I n f a r c t i o n  
i n  b r a i n  stem secondary t o  r a i s e d  i n t r a c r a n i a l  p ressure .  
L e s io n s  seen i n  tegmentum o f  m i d - b r a i n  and c e r e b r a l  peduncle.  
The l a t t e r  i s  an example o f  the  Kernohan notch.  C e l l o i d i n  
sec t ion ,  myel in .
F ig .  8.1 Case 42. V e g e ta t i v e ,  s u r v i v a l  3 years.  D i f f u s e  
hypoxic b ra in  damage. There i s  severe hydrocephalus associated
w i t h  m arke d  a t r o p h y  o f  t h e  c e r e b r a l  hem ispheres  (a) and
cerebel lum (b ) .
F ig . 8 .2  (Same case as F ig .  8 .1 ). D i f f u s e  h y p o x ic  b r a i n  damage. 
Extensive neuronal  lo s s  o f  l a m i n a r  d i s t r i b u t i o n ,  w i t h  r e a c t i v e  
g l i o s i s .  20pi p a r a f f i n  sect ion ,  c resy l  v i o l e t ,  x 40.
F ig .  8 .3  Case 4. Prolonged coma, s u r v i v a l  30 days. I n fa r c t i o n  
in  boundary zone between cerebra l  a r t e r i a l  t e r r i t o r i e s .
F i g .  8 .4  Case 31. Seve re ly  d i s a b le d ,  s u r v i v a l  129 days. 
I n f a r c t i o n  in  t e r r i t o r y  o f  l e f t  middle cerebra l  a r te r y .
F i g .  8 .5 .  Case 17. Seve re ly  d i s a b le d ,  s u r v i v a l  56 days. 
B i l a t e r a l  i n f a r c t s  in v o lv in g  in t e r n a l  capsules.
F i g .  8 .6  Case 32. Severe ly  d i s a b le d ,  s u r v i v a l  140 days. 
Abscess i n  l e f t  f r o n t a l  lobe.
F i g .  9 .2  Case 33. Seve re ly  d i s a b le d  ( p o s s i b l e  Ml o c k e d - i n "  
syndrome) ,  s u r v i v a l  147 days. I n f a r c t s  secondary to  a h ig h  
i n t r a c r a n i a l  pressure,  in c lud ing  b i l a t e r a l  smal l  les ions (arrov/s) 
i n  the subs tan t ia  n igra  (a) and a la r g e r  l e s io n  mainly in v o lv in g  
the l e f t  i n t e r n a l  capsule (b).
F ig . 10.2 Case 43. S e v e re ly  d i s a b le d ,  s u r v i v a l  3 yea rs  and 2 
months. Marchiafava-Bignami disease and c e n t ra l  pont ine  myel ino- 
l y s i s .  Centra l  zones o f  demyei ina t ion are present in  the corpus 
c a l l o s u m  (M a r c h ia fa v a - B ig n a m i  d isease)  (a),  and i n  the  bas is  
pon t i s  ( c e n t ra l  pont ine  m y e l ino ly s is )  (b). Luxol f a s t  b lue /  
c resy l  v i o l e t .
F ig .  10.3 (Same case as F ig .  10.2).  M a rc h ia fa v a -B ig n a m i  
d isease .  The l e s i o n  i n  the  corpus  c a l lo s u m  i s  i n f i l t r a t e d  by 
macrophages and g l i a l  c e l l s  (a). Axons are  p re s e n t  w i t h i n  th e  
le s io n  (b). a : Luxol  f a s t  b lu e /c re s y l  v i o l e t ,  x 250;
b : Pa lmgren,  x 100.
F i g .  10.4 (Same case as F igs .  10.2 and 3). C e n t r a l  p o n t in e  
m ye l ino lys is .  The le s io n  in  the basis pon t is  i s  i n f i l t r a t e d  by 
macrophages and g l i a l  c e l l s  (a). Neurons a re  spared (a r row s ) .  
There i s  p r e s e r v a t i o n  o f  axons (b) w i t h i n  the  l e s i o n  ( th e  p a le r  
area to  the r i g h t  o f  the photograph), a : Luxol  f a s t  b lu e /c re s y l  
v i o l e t ,  x 250; b : Pa lmgren,  x 100.
aw a  \ * s m /  ' A t  v / /©, .
F ig .  10.5 Case 44. V e g e t a t i v e ,  s u r v i v a l  6 years .  P e l la g r a .  
C e n t r a l  c h r o m a t o l y s i s  i s  shown by b a l l o o n i n g  o f  neu rona l  
per ika rya ,  w i t h  c e n t ra l  loss  o f  N iss l  substance, a f f e c t i n g  Betz 
c e l l s  o f  the motor cor tex  (a) and the nuc le i  o f  the basis pon t is  
(b). a : C e l l o i d i n  s e c t i o n ,  N i s s l ,  x 100; b : L ux o l  f a s t  
b lu e /c re s y l  v i o l e t ,  x 250.
